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Abstract

Since the i1sol ation bafs grexpepheread itrhe2®@4,ent i

research groups across the worl d. Being the
20009, i t's 1 ncoerppeorrfaotrinoann cien tcoo nhpiogshi t es has gr
to its attractive quale theesn &epaommicsimad ec a
graphene integration because of their I nher
fracture. Taking inspiration from natur al ma
reséen@rs have managed to exploit possibiliti

ceramic mi crostruct ucgredser td -greapateence h i mgahtl e/r i
However, this is not without its challenge

di spersi on-rdefatgerdapnadreea i al s and the scalabili

This researddh nowelstprgadessi ng route which wut
techniques to crgraaph ebnuel kc ddmeproasniniwedgtsh fr eeze

casting 30 mm alumina scaf-dloil gsed hpor exhb &1t

T70miin diameter. Pri or -btas eidn fsiulstpreantsii mm swiotf |
oxide, selectedwalusmima ematderaitald®90 AC in air
additives and provide some mechanical strenc

infiltradgerdaphdmuancaxif dé ds underSgot Spang &1 as
AC to rapi dly consolidate the composite S C
simultaneous!|l ygrapaeskeonomxoindgeeduced graphene
resul ting mi cr ostr uc tourriee nrteeddusciesdt s groafp h & n @ h |
throughoutyatheamvaean/i. 6hi ck nesmp o sTihteewamsat er i @
found to be 80 % tougher, 20 % scommared tamc

monol ithi.c al umi na
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However, the main drawback with i mplementing
t hebirri ttl eness whpaodmr act ses d8adhteye ex.hi bit a
resistance to fracture whicRkRxperilethdé merttoaln
pl astic deformation upon.Arse ac hriensgulttheicreryaima]l
do eathi bit ducendecheh&aai bur n aFacatuaset rcoapnh iad
arise from stresses related to ther mal shoc
temper dt'dffes.he faraacdtueadi satlercami cs can be i mg
this family of materials would be extremely

they would normally suffer.



1. 1Pdwder processing of ceramics

Fidlillusagaeanes al ammd o cbheasssiicn g roecer dmi cf ab
componkeasesd on powd®riPlpurso cae svsairnige,t y of hatastin
have been devel oped over &ahe ppbittfewtdetwde
conventional manufacturing, and additive mal
materi alabotusuopmgappr odalyheyriayer , f aB:rIPhceatliaotnt er
has been |l oosely <classified into three <cat
ceramic components can require numerous St

conside?rations.
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Common i ndusstoi plr odaecti &g ceramic components

materials in the 2Rawmmafepialti mayabesygreate
t hrough,omi Iclhiemmg cal ly as an initial step. Sol
the following step: forming, which could be
a die set. Depending on moisture content, di

to croebgteects of wvarying geometric complexity
Afgreen bodieso. I f the green body still reta
a drying stepswoyl d whereescdisi nktagglkes .pinfawve | u

sintering step causes binding and coal escenct

temperatures to densify the component, gener
mat eri al Wiolwlevexhi @i tmaj or i ssue with the ca:
introduction of defects i n the materi al su

scratching f#dtm?machining.

1. 1Si2ntering techniqgues

Sintering refers to the consolidation of | o
hedtreat ment and is a vital step in the fabri
t he final object once it has been cast. Th
i rvreer si bl e process is a decrease in surface
toget her , during which the total surface ar

i ncreastéhd.s can be mathemashacwn |l iyh elkgpu &tsis@
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Where G is the associated GMibsbst hfer @ enteerrefrageyi a
energy, and A is the interfawhat 6thbhréackl aste
thatnteri ngi 9 eihmfvli wasrtcaerdt ibrygtmharti cle size an

(spheres, pl attedH eewesl leitncg. )t,’Gpblaunsgeé sir € n t he s



enerw¥ @elate to the densification of the s
are)(relate to graifdA?2 §hewehamecBampirsmary s
process of I nsiitnigeeeltliiy;cdg es f orm necks bet ween
simultaneously reduces t he number of gr air
intermedi ate stages, there is a | arge extent
of pafthclsexauses por ee ttuwb ulaakre aopnp eaa rnaonrc e,
majority are still connected to ?tHWedéexienadl
sintering mechanisms such as grain boundary
t hroughout this period. This intermediate s

occurs for péwd¥hR%esysmnhams.stage of sintering

predominates, reducing the extent of the now
the materi a%A0¢ hsughacence pores are closed
mi croscopic voids that remai n: these fimicro
behaviour of a c®rtrBhmdrce fcoornep,o nietnti s i mper at i

sintering parameters to obtain dense cer ami

Fi g2provides an il lustrative summary of the
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Figulr2eil |l lustration of the sintering process

Wheat, Vlasea 2®nd Hinebaugh.

A reduction in the overall npporroopseistuyc 8a nads a n
mechani calorslteetnmgithal / t her mal conductivity ¢
procedure. Optimisation of the sintering con

of a particul ar ,maotre rsiuapl p,r eistssi oprd ¥odfeigiryag int gaf
energy during sintering comes from aonr eanevat
i mpoeée@dctric fepehdt caddiaicikessnadn t he materi a
sintering that wutilises only ctaenmpeereartruerde ttoo

convensioheAdivnhagn.ced sinteri ng taencBhEnd S uvetsi |siusce

an electric current whil st simultaneousl y &
body:.32

Fiealsdsi sted sintering i s cocommsviednetrieadn dalidevsainot taegre
i mproved densification at | ower temperatur e:



rather than hbh3)r §ps SBSEnNn(EHLgl i sed extensi vel

as a tool for consolidating engineering mat
polymers, and ¥¥mhcesndethodshas also been o
fabricating structural ceramics with i mprov
behaviour. Fully densified aliumddanmwihas abge

sintered at 1150 AC through OSPIS5 wmitnhu tdevse | |b
included dopant amounts of magnesi dRuagxi de |
tungsten car bi de and al umi ni um niatsrsiickcd ed ar

techniqgues without®?2the use of additives.
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These enhancements can be related to the &
di fferent stages during sintering: firstly,
contact points between neighbouring particle
contiaeg regions; a second factor is that ad
grain boundary sliding and plastic defor mat |
Grain boundary migration and diffusion al so

and final stages of sintering, greatly redu



graitntsi s is vital isn impr ovdhancair rod eacarod ialir aewss

of mi ni mal si ze.

1. 1M&chanicals propertie

Attractive mechani cal traits that structur a
stated: namel vy, high hardness and compressi
mentioned that their | imitations predominant

and gbitloi tr esi st crack propagations Phevifadeée
background regarding hardness, fl exure stre
includes definitions, methods of testing, an

they are based on.

1. 1.Barndness

Hardness can be defi ned alsocaadrmnéted matl iben avwh il
| oad i st®afpghpehdued!| yi ng theory i s :bansoerde opnr escoil sie
the mechanistic movemevinitimofa icn¢iaiathundela tbaoinodes:
bet ween br-eakmyms@ialter ucadlugsescont ain i mperfect

poi nt def ect si n(tvearcsatn,ckyi agdndd et est s suychanals di

interfacial defects for which?!®nhsé¢ o aaarpiiseenmay
frotmhmi sali gnment of crystal | agrda pihfi cd ipslraunpets
concentration of stress slipping (and there
pl anes can et howdglcedi n structur al ceramic
extremely ripiadgeddi 6on&kewould repel 3%ach of
Therefore, slipping of nei ghbouring crystal
ultimately | eads to separation of material w



Hardness testing may aim to characterise th
hardness i n |l ocalised regions of a mat er
mi cr oha'*dOmies stype of testing, that utilises

measurements, and is also useful3*Tbrstesutl dc
be to probe orientation effects of singul ar

the hardness values obtainet®Tieoef ar ol yargns
measured with different methods that depend

surface coating, or a thicker material, and
testlendd.ent ati on or scratch hardness are the 1
measur emeret f or merarneesaissutraenst®@ kanesd ant compr e
force, whilst the |l atter techniqgue provides

due to friction wi®ahr lay stheasrtps owbejreectest abl i sh
that one material could scratch another, and
scale was formed by Friedrich Mohs to index
scalPreor reference, 1 was assigned to talc on
refers t o di amomeas uQueametnittsatti vat revol ve a
har dness i neowolfduidaem-tt shdeie ducse mtietrhs di f fat mraesmts hge om
as Vi Kkhkeop, RoclkmwieH6Ebmeatdri es of these indent
i n Eid4g..

[
|
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Figulrde Vari ous indentation geometries used tc
Brinel and Rockwel |l indentations are produ
respectivel vy, hence their similar deformatio



Al | have their advantages and di sadvantages

hard materials |ike ceramics, Brinephemeaalr
def ormation patterns which can induce severe
the measured vaPGeeneofalhlayr,dnveiscsk.er s and Knoop

to measure the microhardness of brittle mate
l imited edge cracking. Many testing procedur
| SO based on measmat enrgi al svatrheaett yi mdl ude sof't

metals and polymeric materials, and harder m

1. 1.BlL&xur al strength

FIl exural strength (also called bending strer
the stress in a maté¥yifhke messitcoemmohemet Aiodu
this materi al ppopearntt ¥ liexutriee t-elsdaped ns e a icrhe
is held in a fixture that possess one suppo

|l oad is applied on the tpdmceasntaa ctoinrpg essp Ve

the top face of the material, whil st simult
bot t'8Am.f-poi nt fixture, which posskeesasreisng woa sa
may be preferred whilst testing brittle mate
concentrations with interfhflafhetbaewhbl awsoaseap

mi crovoids that remain after the 1sin2eriThg

di fference in supporting positions for thes
1. 5. Failure occurs once the fbemmdaeadgteeangs hl f
the speci men. Il n materials such as metal s f ¢

and plastic deformation to aXHoovemedat ei nt hber |
materials |ike ceramics this failure i1Is sud

speci mens, because they exhibit Iittle to no
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Figultbei | | l ustratiroamdé ooéumthrelexure testing.

an applied | oad.

1. 1.Br&cture mechanics and fracture to

The study of fracture mechanics is related

initiation) of «c¢r aclkts htahsr obuegehno unieerimaitdersei da ltshha |

small fl aws, or microvoids, may be i mposed o
performanede final product . Growth of these
unexpected and catastrophic failure, so it i
| i acdbt emack initTht sonssptemarily conducted ut

calculate the driving force of a propagati ng
data to determine the material s resistance
mechani csharmet epi se an I mposedgbabdbenng ¢t

one parameter to fully“3describe the |l oading

For a crack to propagate, energy is typical/l
i mposedswsdem aas .shHheaawiinngli scovered that any | c
from a combination of three, i“Hddpeepenct sst
that a crack can propagate as a result of ¢ttt
tensi omroplecnriancgk) , 1 i) t-praomghsbhédanghg ¢érniii)
strai-ofp( amte $Diudiimg) t his time, I rwin also re
exhibit a resistance to crack -extepsbdboardupi

of racture toughaesa fpamndhmieod®risie propdgating



The failure of brittle materials such as <ce|]
the Mode | str essdennotteends ibt¥yc tfhaec tsoyrmb o |

a2R& Iy 4 A a2 RSY K& N a2 RSt R NE A

Fi gulréei Thei ffemeependent modes of fracture.

afs

Griffith pioneered theimhielhe efalradiyragbtd@rihee, me
di scowfer yEFNMedemonstrated t bbowrmeHdqgbaunaitbihiosnhi p

where the product of t he 8 quwarde trheots tafe stshea
g, was al mosloweormrstanthis relationfwhitphh becpme
toi near el a)satsi cihtey ptrhreedarcyt ed stress (and hen
ticpul d be“8 thdti eri mdlorpwierd a t hermodynamic appr

t wo energyi Yetms el astic strain energy rele:

di ssipating energy that includes somé? pl ast
l rwinds adaption was an I mprovement to Grif
brittle and ductile materials were in good a
13i | | usltrrvaiaréeap t,atwlmer e E represent sYitshet hYeoun

surface engirsgyt,hearnedh eBaeglgat ed t o plastic di ssi
di ssipation sources) perotureirtwi a e etdhreo fasntcrigaai cnk

energy release rate
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957, |l rwin soon realised a method for ca
nd the front of a crack with?*fTahepdict rtes s:
nsity factor o, K, could be related to G
Il men geometry: furthermore, the thicknes
in the conditions at the ts pofofc oandcirtaicc
pl ayed li4n abf§lpaknows as plane stress and
hin and thicker ,wlhoenpen¥nits aecprrcectviedry
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Fi gulr7ei Di agram il lustrating the change in fr
specimen thicknedsddhplgnhneimsgresseand plane s
Adapted frofhi Ander son.

Standard methods to evalwuate the fracture t
bashaped specimens t-patnmayl exdeegool3 the C
i mpact metihhoedsl. atter techniques can be used
required on i mpact to onset fracture. Specinm
must be notched with sharp, reproducible cra
to induce reiltiabltieomrrsaickes that foll ows pl ar
| oading which | eads|giloanehestervail nuaftri amt wrfe Kt o
t hroughpotihnrteef |l exure require | arger speci mel
tension, andtedvte mapyidepemd on geometric con
how materials are processed. There are other
stil |l wjidneviogigiudseerdt at i onb aswadspli @ mpatd Nl ¢h | oad
to initiate crack propagat®nmdent d4thieonapfica
toughness is utilised as it is easy to perfo
On one hand, some authors suggest that the e
indentation should be consi ddr ed caluca&n contsii |
residt4®m. t he otherPalamglvitst met hod was standai

validated by work that involved eval®®#a&ting t
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1. omposites -badedemameci al s

A basic approach to improving a brittle mat
i ntegrate a secondary mater-cal | e ct-boaesteddri cho

composites can display enhanced toughness ov

composepbsitively interact with one another
materi al t hat is comprised of t wo or mor e
definable interfaces through®Hdostt hmatmartieali a

commonly referred to as the Omatrixdé6 of the
described,cmrs raeionffidrlcecememonh. exampl e is concre

stone particul atexTkins acemp o Ni tcementwi del y u

materi al but does exhibit poor tensile perfc
resistance (which is ten times higher), 1|like
the introducti onemdfucahnetshépor cemgobandst o as T

t hat can resist SPRegbhart ecnasni | ke foomepessed of S
materi al dependent on the environment the re€

and any cost considerations.

Predictions can be made on the behaviour of
been incorporated. The rule of mi xtures il
t wo materials some properties (e.g. Youngos
canelsde i mated during the prel inmbtnearttydfEdmges o
property of @ «campdsi tree,l aXed to the piropert
and, Xand the volume fractions of 1a8ahdx Wost

(expresgd®)l aespeciThvelys il lulstbrated in Equa

O WO p O Equati6n



Howe vtehre,sr e are some dr awbackiss tdoertihviesd ruwslieng |
of a composite materi al whi ch contai ns alt
t hr oug htohuitc KW ft-e®3dsd.i t i o wadesryi vi ng mechanical pr
as the elasticsmecommosn to derive the equatio
of stress across the ®Waledmetofontshabbamadp b dii tse
taken as armewxpmsret! icmimposite materials wil/l

regions that tmaixlilmurme douecref or mamoe .e NMNowgpd &@)Ks a

intricate architectures for integrating secc¢
explored and devel oped. Designing novel mi ¢
consideration of the incorporati nagncteh e wheiicnhf
include: i) i nteractions winteh ttyhd nhaositspmats
reinforcement, and iii) orientation ¢% %t he s

Overl ooking these factorsecancbebdbavi ment at

and reduce their attractiveness towards appl

I n the casbasfedcemaamirc al s, reinforcement tha
behaviour would be suitable for i mproving f
CMCs were successful | yl9rOelasl itsoe do vdeurrcionmge tthhei si

al smowi ding an enhancement to ther ma¥® ¢ hock

Yttgogtiabi |l i sed zirconia was | argely studied a
varying gqguantities of yttria induces %§fd&metr
The material was found to generate an extri
as transformation toughening. I ntrinsic tou
materi al and occur in fr oni8).o0n etxhaempp reo piasg attl

formation of plastic zones ahexhi idifasttReidriya
Anot her example is the refinement of grain s
subjects a crack to interact with more grain
necessary for fERCtuUunei d ot owcghueani ng mechani

bridging and crack defl ection aaler ebagduymw onset



Intrinsic toughening

Extrinsic toughening

Plastic
‘ 1 zone
Grain bridging %vage fracture
L —
rL[LLl Oxide wedging Microvoid coalescence
o 0
ibre brideing Ahead of crack tip
Behind crack tip
Fi gulrt8ei A di agram of intrinsic and extrinsic
been i dentified during crack propagation in

the crack. TakKeén from Ritchie.

Anot her design strategy to improve a cer ami
smal | par ti€il efsorocrenzebht s wit h;i nt itihse fceebrraino et
concrete that was menti oned pFriebvrieosu salngdn iwsh iosnl
provide a continuous reinforcement along | ¢
increasing the energy required to initiate ¢
propagation is progreaesitn®nt lf®dQmngemaetxeeenipaieo sos
fibreea nd oCMErse Siwb/i SIk@r composites that ar e
aerospace applications due t o their high

oxidation resistafcd@Asiaca fl oovmdearsa mhyct hr ei nf

met alnggol ymers, -bBadedambhboerrials have all bee
filtlgrevide different enhancements +thastelde st
materials in a wide'®fariety of applications

MYy



1.

Blat umaagler i al s

Throughout evolution, bi ol ogi cal organi sms h
a | imited selection of el ements which they
naturally occurring composites are mainly |
provirckeengsth and support té"Y of tseme icratsersn alh of
these materials wild.l al so possess other fun:q
sustaining t he organi smos i fe. Wood i s 0
predominantly made from cell ul osel (satnr wcrtguarna
integrity to flora, but it is also responsib
organism t FlTihtiss laedadvieesi.on al trait that wood
intricate architecture on various |l ength s
components arfefFlar rrammgear.chers who design and
component s, these natural materials provide
creating the nextpegdmearnaatnicoen coofmploisgh e s . The
mad e from constitulelnt s ditshmltayi natitvri adautai v e C
properties, but also exhibit an ordered micr
some form of assembly process during its fab
1. 3Ndcre and structur al hi erarchy
Most fauna also produce complex, composite a
shel®l®acre is a thin, iridescent |l ayer tha
shel’l’'&1 t i s a nat urhaltp rciosmproislit ecompri sed of
polymorph of ceael dadusmo rctaaibosrad s mal | percent a
a c hbasiend bi opol ymer . The component s t hems e
materials that are comprised of relatively |
nacre outperfor ms both cono®mnialt bgnthsi gandned ih:
properties which are greater than what the r

M &



compo$9Ttheisss. work was pioneered by Currey ir
investigating the mechanical performance of
and &kMost notably, the fracture toughness
aragonict e M®Dam s c¢ oampaacweéed ht varying bOiedr ati on
3.139MPaMm?.7Fi g9delpi cts the structural hierarchy

scal es.

" . Chitin molecular chains
Calcium carbonate unit cell —

\.‘-"i-.'. ...,f" *'3. -y ,"".- \
AN |
T v

N -

Mineral bridges Chitin matrix

Mesolayers |8

Red abalone
{gastropods) |-

Fi gulr9e¢ Di agram of the structur al hierarchy fc
demonstrated from this work that there are 5

scal es. Taken from Bhushan and Sun.



Aragonite nabogmm) nar ¢ 3surrounded by a thin
the nanoscal e, whi ch ar ei awns etnhbil cekdn ki@nst,o0 2t a b
wi ddt.h These tablets are also separated by mi:i

sandwiched within tHWeT%er e mamiencet rwad ti esraitd lo.n t

nacr e: col umnWhen antda csibhedkd hi hienc 8suhreeecta nn abcer e
considered -arsthoa t Abrisdak uctur eo whi ch i s Cr e
organi smés biomineralisation pathway. The mi

tabl et growth and depending on the species o
ari’ééd@ener allluynnac coast sttess sefl | at e darcaog aunnintse o
pl a,t ewhiilsfeet (nialclrestrated i n ftohre aprepeoiuss
gastrnapa@adonite tablets and theirndoopardeaes es
randomly distributed ahichohtgaenap@eas anlce . br i

One may have realised that the exceptional
we-okr der ed mi crostructure and small guant it |
numerexsrinsic toughening mechani sms Awhi ch
nacre reaches its yielding point, sliding ¢
toughens the material through fré#%c®&erwvanhl fol
nanraosperities decorate the surface of aragor
both the strength and toughhe¥dheduehiagdht he
pol ymeral acst sa ducttihat pihsabséetowelen t he nanogr a
assembled tablets, enatbd amgygf enorleeteefenci &aijta
when f acccoampwieshsidffed cgittriesmsal |y, the polymeric
t he resistance t o dc sac lpeantpirnggy a graet li eoans, e d upo
propagation which r eduecgersantuhlearp ofsrsaicbtiulriet y( foaf
e
a

t h

gr
exiomnt the microcsrcadddd | et epnei | are typically c

aragonite taebst bes)j kahdhoomadarefisi ntergr a

in boafmdaeigbbourrfExgr phat el @ @ lyd einks antgy

fractographic 8t%uri telse romornea,crreanoscal e tough
have been classified that i1includes the rotat

mol ecul ar | evel toughening dué®to the unfold
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| arge varliiekey mdt enraicales have been fabricat e

ughening mechanisms which arise from pr oc
I magnhance t he mechani cal performance whe
alogues of "Ho®SR8%nmahteerrmoarles,. a combi nation o
iffness is not easily achieved in the typi
magel er ant materi al, nacre is a brilliant

ny researchersphaved adreadyety of fabricatl

nufacture of advanced, engliinke rd maghittéenptosri

3F&@bri cation techinnguiersed owatr @rsi

rrently there a few promising routes whic
range components. First, wet processing o
actice advanoeddceompo®™>Thies maegatehodl fsor t he
vel mixing of solid components within a so
t wo or more materials (e.g., ceramic and
rfaces for improving twkeenmithiengoarsd i weaitetna b
met hing that many r esé&oawreares ,t ke adwaret a
ocessing can become quite complicamayl, and
guire an adequate | evel of | ab expertise.

precur sor materials could be circumvente

iendly techniqgues to be®Btilised within in

ot her route thhdtehasomttsaatdad hicvaen nbaen uf @
nsider ed aasss insetCehdd dlbsyas semb | e nrbayt ay?@ 8P s | ay
ese are f abwhiccah iidmedrivoduetiensy/ r obocasting, st
d tecbnctchuas CVD and el ectBophbhetecadepals:
awbacks to these proceduref8° Whieshiaxebudibtf
st of sopkexpamucatieaded ypot ent iparlolcye slsemmaggt hy



Al so, theombsoengfa high prinscalged esnd ittt @c
features) and an wupscaled manufacturing pr
currently available techniques, e. g., ster e

I i mi ted arr aw adfl arbdteertihalts can be processed \

A promi si negf,f eycetti weosavenue to fabricating bul
with the potenti aperffoorr maneatkienngssdhrieugcht ur e s :
castiPmPdgl?®™®r eens t(iinlgh ustralt 4d0) onheriwgi.se known

templating, involves the cooling of a solven
a suspension of particles. Cadsrtyiinngg ,i si nt ywhiicce
frozen solvent is subl i metdhef rpoomr osuodl* i Hd® ptloi cgaa
size, geometry and orientation of the porous
parameters such as freezing rates, sol vent ,
casting material, as weld¢ ®Ei ¢ hei mm@lse ,i nlgutmoad
technique has been extensively wutiliestedal/f or
explored the creation of pordused|l smroataoecests

P
undergone a fol®®iontesi hhesi hgs been extended
her ceimemiddsi,opollymaeads al so hybdi d&A?mwatder i al

iety of applications have currentli3been

<
Q
—

bi omatédarndclisn the devel opmen&® %9f structur al
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Ceramic

e Ice crystal

Freezing surface

Fi gulrleOT A schematic of how the solidificatic
freezing at t he-chacstttionmg arfoud df,r geemmeer at i ng al

bet ween the suspended solid'particles. Adapt
The gener ati onmproofduccledreeylo |l i srg of solvent,
and crystallisation of solvent molecules al o

solvent vol ufm®Frhoans af rtolzeernmodynami c perspecti
front i s governed intrinsically by -i the i n

interacti onsl,vemartimctd er ssmtlivems amd ei @aeti ons

1.71'% n short, solid particles will be reject:
energy of §¥e issy sptoesmt(i ve, and i f ice front v
freezing front velocity. The most common so

organi c-basekdesuspensions can al so be prepar e
the prodwoedtructure: the decisionbébeédveen
suspensions would wultimately depend '%n the

Regartdhwagt-eased processing of -rcemagenilca maltlead ,e

thin |l ayersargenmatnetedahl ong the solidificati
of drcyest®@hst her factor impacting the archite
use of additional processi ng rperaggteencttsorisnc |l a

binding MMatéti al s.
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Il n 2008 ,etRiafcahbirei c atPeMdMAalcwomipoas i t e assing hse
the first step in genkrhei fwwithmal fartaed n
architectures, except the cer ami tm)d btrhiacnk stdh ew
di mensions of aragonite tablets found in nac
the ceramic compof®eweirs$ hmlessl,Lowbde. composi 't
ceramic anal ogue fabricated using the same c
value al most doubl e the rofnoo I5i.t5hMPwamanh etr ¢ a1t e
t hroughSENBet hod. Thi s was attributed t o t
mechani sms that were onset by virtue of t h
throughout the fine pores of the ceramic boc
step. But some f | exawr al -a§ fardepptrienwasy Isascth a
vol ume of PMMA (300 MPA4AitbugtlOatMPmtho heargr i c

architecture established in this work.

Fi gullleli SEM i mages of alumi na/ PMMA composit e
similarities to the natdrdaHFitm@merrimdhmnacr e.

Taken from ®itchie et al



Mor e recently, -rmetradvedompersarmiec fabati cated
demonstrated t he capability of -lprkeed umatnagr i &
consisting of aluminanptladtdlewerse coaadMaABIClI end u
foll owed by hot pressi AIMASEst me lod & mcwmiesfzie cnagt i o
as porous archit,echtuutr @doé samg égiled iad ieddfi cad li wen t
crysitaalmagnetic fieadasddrants gras piod ®airsl hmdouuglhdt.f u |

consideration of reactions between al umina &
l ead to the formation of hercynite, an inter
ceramic and metal interfaces. Tougheniaog mec
and -putit | were observed aatest heg@ |l alsumitnd i sartfi on
ductile phase (reduced from iron oxide durin

l i ke architecture, whiahrwiemiblédBalvyh odanvhlei il teexd
streng$BNBrnadct ure toughness werehcgmpatabhbut

reported in the -likermatueei dlos (agred 2400 N
respectivel vy, depending on theéAddilt. i% maafl |iyr, o
compositenexhcbabéed magnet iisnadtui cotni cam dh & artpir nogv.

a a |l ower el edhei taltees d=s3tlCaMdaleldn fk& 0 m

as theofvoichdmged f r8.nmdt48 Z2%t1°H ec hangfeunicnt i onal
p

t

(7]

ropewitbs respect to the frmerntdomlnatafonf itlhlre
hedr’yTH¥ st at i st idceaslc rhibbaeospyn ase tcraansdire otno

t hgener @af icmnnect ed cWhnepooonnesnitd.er i ng composite
thcencieptassocitateed owintelct i vity dfhec ormg ena mtl s
for exaimpl|l ehecareamilc compositeirwinndn dl2e @t rvioc
resi sgramatel y ddeeamasceont i nuous pathway of fil
created through the micrdd$trisctexrpeecdfedt He ad
|l ittl e connect i vbiatsye do ectowrepeonn etnhtes oi mmpoons thieeid v o |

did not alter the cei @assmulnaamiautrgei. x 6s el ectri ca



1. &r ap hreenienf orced materi al s

1. 4Grlaphene andegnmnapddemateri al s

Since its isolation in 2004 from the Univer
evol ved as one of t he mo st attractive conm
devel opment of 'hlotvedamakterdandsi.dered as an a
it i s comprised of a fl at, hexagonal arrang
The graphene motif cBbhubkdcongsbdeclkdt hat af @r
all otropeenwi mor pgbh®1lgd.iltescan be wrapped into

rolled into nanotubes, and Ve tically stacke

&3
Figulrle2il |l lustration of the graphene moti f ©be
other -basbdnall otropes. Taken'?2from Geim and
Il n this HRloinkeey caornrcbhi t ect ure, each atom i s bond
whil st al soomreInd atirbawrn i ingt o t he val eintchei shand

val ence band contacts the conduction band (v
el ectrical behavimeuradll akhioutgho uausweanil y hi gh

transport properties are best des'é¢t iTiHdcds by

HT



ability of particles (Fermions) to essentia
di stances al so-pdeamer athegs nhai(dle piomae t WY hK)y
as particles are per mitteldostso itmrtaevred c twiotnhso.ut

graphene shetertassnsapar enretarin contrast 2 the b

There is a ntioxinurendodipottatppomoaches to fabri c:
an@GRMs A common route has been through exfoli
be as simple as applying adhesive Hd4aperto

graphenel!'Mbeetsophisticated techniques inclu
modi fied d&fi“fangduersoutes involving chemical

met al |l i c @UHutnrmetredss. met hod was devel oped in
strong acids to oxidise graphite, with | ater
guality of reHmel oxngdgi matdesitalucture i s then s
of GO, and further chemical ©dhtehermalcti @huc
removes most -cbnthenbrggéoncti onal groups ar
net work which was S$tosuctuproal oxhamde ilndBe i | |
Graphene itself is a pl adkyb midd i€s(Cl,d owha dtsati n
GO and r GO consi sfamd3cghpamiaxtterre whfi chp i s dep
|l evel ofl3&hiedataitem.i als can easily be distinc

variety of <characterisation technXBDbeandhat
XPS3.2'133

HY
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Fi gulrle3i Chemi c al struct GQesarn@D TDalkemeheom Lee
Par k 1% al

Functionalisation in this manner al so provic
whi ch, compared to the hydrophobic natur e
di spersibility in sol VvéRAssthaey ansemethpmioca
flexible, and extremelryel &t @dht weaitgehrti,al g r ahpah
increasingly used as a mechanical reinforcen
t wo det®&Fded hermore, grapheneods electronic an
have i mproved the multifunctionality of mat e
traits that include (bustemsriengnodtbrildiimirteesd, dti m)

interference with electromagn®et{ i'Bher awrniagqu e n
combinati on of propearetiindsor cddit cgmpohietne m
demonstrate enables thhevmsdsebal cappgliidlmgaeson

energy production and storage, biomedical in

1. 4GRraphene as f tblalseerds man ecrerad nsi c

Over the past few years, there has been | ot
ceragnmaphene composites. Thetradan20r2dvisdwwlt

how this c¢class of materials that has gained

H &



according tidAnheiar| werkreview published dur.i

thoughts and suggersaphetnhbeatmacteerramilcs have | a
structural and ffulfHtoiwewvalr , apmlei codt itohnes .mai n
both reviews clearly describe is the distri
composite material s. It has been mentioned
and will aggl omer ate iimpeaerfsda oinl @ nmannédre, hos i
be critically considered. The interactions b
bonds they will form during heat treatment a

particularly for the emexthiamedalmadPieiopall si es
i I | usstervaebrkaslt he design considerati oinsclthaditng h

the processing and sintering stages

T Aggl omeratio
T Orientation within

f Superior mech

behaviour mi crostructure
! Electricall/lthe f Hydrophilicity
transport i mpro. n.

T Tribological

Ceramic-
graphene
materials

Processing
techniques

Property
enhancement

Powdperrocessi
Coll oidal processing
Additive mai

E I

Conventiona
SPS/ FAST

Mi cr o-wagées
techniques

E R

Fi gulrledi Di agram of design considerations whil

of cegmampbene material s.



1. 4. Qernaguw aphene materials with randon

There are multiple research groups across t
fabricati-ggaglemaenicomposites that exhibit va
and performance. A s{mpoensleabBEhggnt 8eokey wo
Aceramic AND graphene AMBOE6ccmp dsi t(d o ogne 2010&t
with a steady increase seen since 2009 whi
Manchester University receiweerd 50h+ d\boabveehe nPtrsi
beemnubl iesahcermfyrem 14 and, o wWaiicgusr e nhasoviesel5O0
in the past few years with these studies pr
| ndi a, t he Uni t ed St at es, and Spai n.- Howe

approximation consideri ngeltdattedtmdti esraitalosn wh

be mend,i omre perhaps are unconventionally nan
keywoiflhdes. decrease in document Ba@b&iBs ciaon blee
attributed 16 phede€@VMtED however it i's expec
rapidly increase in the next few years |ike
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Fi gulrle5T Anal ysi s of 1466 document resul ts fr
graphene AND compositeo using the Sdopys seas
frequency of document si PUDB o sthefd) efqruemc 2 0 b4

documents publishead fffrreomntthe otuopg rtiers/ territoc

Soon after the i sodlaltaomr aotfi wea awdrekneconduct ec
composite matarlilalng kay ubminla powder and grapt

then observing the r é%Tuhlet arnatt inoi xotfu rger abpyh i Tt EeM.

OH



5:95 by volume. TEM i magleayerd | qrsdplagdrea 4hadt
3178 nm were exfoliated from the bulk graphi
submicrometric alumina powder. After consol:i
t he coimpeo materials exhibited a much finer
alumina and it was concluded that the addit
ceramic grain growth diUdUnfgprthemasehyerinmg p

mechanical properties were characterised for

Later in 2010, another gr@&@Opafhem Chamagoapl
reduce the extent of fl ake agdé§g4?ohreawgh owe ti r
processing techniques, and the use of a c¢chemi
alumi @@ powders with 2 wt. % filler Ad.halthewer e
reached the same conclusion as the previousl
grain growth suppreddieomn ea fntf @8 ca dndsinttsi.hoonwno fi n
1. 1&nd was attributed to the diffusion of al
di spersed nanoshées aotfurger atpheqlene s s me as ul
perfor medSEWMmBathloed and showed an i fprdvement
MRM/t o 5. 21%)Y2MPamset by extrinsic toughening
publbut and crack biré¢amgdlngsi @ddmug, iint t\vmaes bel i ev
of the compositeds microstructuré¢?Ttwosl dnayi e
come in an i mprovement in final density, as

density @&f only 96



Figui.67 SEM 1 mages il lustrating t hbea smidcr os
mat erbeaflmd.nol i t hi Ri @had ynimmn &#&@ composite, which
the refinement of alumina grains in the sint
et 142

Al s o, work performed in 2013 within the UK
volume fractions (up to 1.33 vol. % of graph
SPS at 1 540 0* AHlo5ve0r e 1, the precursor materi al
rat herGQt hwami ch were procured from a manufact
as part of the study. A O.el3dBheohi ghdgtl | £r a
toughness (8% &34 WMPHR)PMRamd fl exure strength (
when tested SEvVONBgthh'dtlHewever ,t roafdfe i n Vi cke
mi crohardness is illustrated in the results
composites were ddnsaenddanwepde s@8. Hanosheet s
were cl eambluyheysidbldeyvi sualise the existence
interfaces bet ween ceramic abdh)7grapbemat cori
suggest this arises from poor interface bond
shrinkage rates during théFuwrotohe mnmorse,cttilmey
that these pores are the origins of fractur

inclusion |l eads to weaker composites.



Fi gulrle7i SEM i mages depicting the wmirarphstnreuc:t
composLietfet.he -dviesper sed nature of graphene n
al umi na Rmagthtthg. exi stence of pores at the ir

grains and grapAdaptednbdbebéd®®sang

The addition of graphene fillers has &l so be
has been reinforced with graphene nanosheets
Ji amg. abut sintepedssasigungppadoRAAdThe rel ati v

density of comgpwpon eisndrecasiarsgg the fraction

99.%9 to %R8westh 4 wt. % addition), and it w a
mi crostruct ur edicsopnetrasi endepld) enwbeglhheet saut hor s al so
t hat the sintering step results in the ori
predominantly aligned perpendi cHolwervetrqg tthe s
were not all single platelets. Some of the
close to SiC/SiC grain boundaries, but al so

origins of fracturlé*during bending tests.

The authors also utilised two met h®dEsYNBo de
met hodand an indentation met hod with a Vicker
toughness increases as the fraction of reini

fractwglneassi svyadluieght |l gbhaighed thmeoaGgB SBVHB

op



MPamf or the indentation method! foonBEiMdNeBd t o

t es*T.he i mprovement was attributed to crack I
mi camoad nanoscale, with | imited crack defl ect
It is thought that this observation relates
veby i ttl| e*Amastor,i X.n some regions an unosual m
the surface of overl apping platelets, cracek:

to the primary f.halh8&4drhe ss drefad e e( viag repor t e
wor k that &Naprapglhere Somposites and is belie
of graphene sheets that are wrafipbd aprdubhbah
is a wall of graphene along the grain bounda
to continue preoepadgiathé mosni oinns tthhrit b igthh d thgeh ,maa n
excess of graphene material, i1 .e., aggl omer e

the reason for early fracture in composites

Fi gulrle8i Lefmi)cr ostructur dgrdeepheneedcdmp &SsiCt e s
using Spark PlRisgnhetr)8chtueei agrface of a compc

occurrence of crack branching in thirte di men



1. 4. Rr@hitectural degnagmhewmnd hmat ereir alms

So far, a brief review hasgrbaepehceongep v & mtaeas v a
incorporate the reinforcement i n Adthanomddbam
Sedlegk adi d realise a preferential al i gnment

SP5% T he newax ampwielsl demonsw cdarimreaan ge ment of |
ceramic andagraplceme drhentfaabri cati on strateg)
et. alncorpodatsperasewelalnd ori eGR&Mdi net heof oen
FLG nto clea saend ¢ mai’elrhiisl sunconventional appr
expandable graphite which is treated in a mi
spacing between sheets of gr apahsesiest @ chiisn fwialst
with a | iqgquid ceramicormpgariuchsaose daasaesa usptleidn gb ya
Sintering via SPS (at temperatures dependin
composite mat eroiralesntveidt h RicijGgutsh gornasc toefr i sed by
and XPS. c &Sea&garad hceonnep o swvietrees f abri cated during
includingL&! 0mhowlnlBh, FE#iGcanidaamorplh@&us si l

Fi gulrleOi Lefmi)cr ostruct ukFleG odompg awgmitnea cont ai nir
fi IRieghHRTEM 1 mage depict Fo@i thenptbeseeneeamfc
Adapted from Sun et al



For the-FbL&r amimposi tes that have been mention
|l arge i mprovements in the -mekcaatneadral andriflc
properties StFoh adFRILEMhafl exural str-poghh ('t
flexure) i's 32 % higher than monolithic sa
i mproved significantly by 240 % when measur
relate to an efficisebmtetlwead thaengcfemrmmofc snar e
l'i ke filler, and modified behaviour of st at
extrinsic toughening meabknbsimdgthgt cnatkde
branchingoufifdi pubtbudy demonstrates that car
mi crostructur al ar r agrgepreenrt e wd @ rhpg ans icteersa no an

their mechanical properties.

Furthermore, &Wang¥Xpand eBi the c4eaei amrcoftaa
throughcdédstktierg hybrid suspensi orfdThdfs GGB abmdk e
on previously discuwegs’édn wounkmabryy ,Boau vmoarltear w
by dmallll ing GO with alumina nanoparticles in
then alumina platelets werelawtde®.i GO wase ae
0.25 to f ablriikceatceo mpaocsriet emownt  ofarfolubker. T
sl urry -malsl éddaldgain for a short ef¥fcatsitmen ga n dOntch
drieeimrtering at 1300 AC was carried out, f
which produckdké hmi oacs ®r U ntluFRP&s.i ¢lhioywe nt e d

réO is distributed throughout the host al umi
castine tshewgh, the addition of 1 wt. % did
pl atel ets, and several adgdlkememaatteersi ad f wtalse
through® SEM.

oy



Fi gulr20i Fracture surf adds cofmpal uimde.nabi tvwt . P
addition of filler. The red circles indicat

Adapted from Wa°8g and Bi et al

The highest mechanical properties werAd found
0.75 wt. % addition, the density and propert:.
composites with | ower rGO inclusions. The a
number of defective regions of reinforcement
halseen discussed i n °t HEeé mpgietvyi oiumrsc rseeacste do nf.r om
with 0.5 wt. % addition, wkpioli sntt  ff Il eexxwirree ) s tarned
toughness (through SENB) reached a rma®i mum

respecitanveilnycrease of approximately 41 and 2

alumi na %IlLatkel eatsher studi es, toughening me
defl ecti on, bridging, and branching were o
phenomena that include the presence of miner

o



stacked PTh¢eeé et oeughening mechani sms are al |

behaviour of nacr e, al t hougahn-diohret alre lmgtchhi 4 ea
(and hence the mechanisms occur on) is rough
natur al 7hTahtiesriaagproach illustrates smart C ol

ceragnmaphene composites.



ChaptkExperi ment al PIr C

2. ODverviperwecoefssi ng strategy

An overview of the process.i2ngfTostsuamagy ses p
pri mabjyedtsi vMeo create ceramic scaffolds with
infiltrated with a graphene pr ec.ulrhsiosr ndoivsep e
met hod showcases a combinateohnbpfuedvaenthdanpg
producbud&r agmi &phene maittehr i alns or der ed mi cr

Uni directi-oaat hafgr etehe pogemteir alkt e ,t pdri guse d

architecture, so a colloidal suspension of t
castihngsasTstheggp i s also considered as enviro
beneficial f ous apgeoerot onlger t pr d wenvsag idrsg- crea watne

graphene materials that have beteededidlgmi bed

Raw. Freeze-cast
ceramic ceramic )
powder scaffold Alumina-GO
; pre-form
. 65A&ELX 6 tHMBY G |
‘ i i { Ay SNE
| ] YI GSNRI
6/ &s oLy Ut &
Colloidal Pre- 6{AYylS
suspension sintered,
of alumina porous
particles alumina
Figuzleil | l ustration of the processing-strate

graphene materi al s.



Recent work performed at Cardiff University
ceramic materials to be fabrtihcaat eidd vuedevwneg a
casting scaffaoilldst enlpalwe d & wmemasfi ogirsaphene prec
then infibostatawieghsmhcpenAsTihopor oposed hetrredtnegy

i nvol ves thetrieneggsr aphene e@GOacsurtshoer r(ei nf orcer

a fr-eage ceramic G@asrithxe ®©Usilhgr materi al W 0
di fferences in hydrophilicity during the inf
t hepepnorefs ficeaesze mat er i al in a more facile st
First, suspensiUahsmcons ipotwdmeyh igtBeA 1851 umi ni um

dso= Olml Bai kows)k@r,a dred elnbohe s e dl Owawn Mol ut i on,
sucroséo, (M@9¢kandKa di spersant were prepared
Th®VAolution was prepar éd9%,r ofni sshoelri dSccioenntteir
di ssol veidoniirsed €l wedti esrp.er sant ofDOtA®PI Xe Cwadg
(Zschi mmer , &G8c)maaayzwi del 'y utilised dispersa
suspenwiitomshiidg hl cs&d®Phigeh.ecmi cal efrutsumenomer

provide@2in Fig

CH,
C CH5
C=0
O —NH, n
Fi gu22¢d Chemi cal structure of the dispersing e



Af ter identi fying suspensions -d0f s pceerrdaend c amp
pesessed a uni moddd!l ididg tvri idbiwterecagertaiimgs ¢ o ul
commenEcteh.anol % OHONBY WKI land | iquide@aparagen
chambers were chosen as t-hbastehgi Qeloigmd&mif oa l
specimens of 30 mm eiaasme taenrd rwieereee 2fer egeezreer at e
porous ceramic -drciad d od plesc | rReirest zeea k ipmr ea con\
furnace to r egnoavdeditthievesasand provide structul

ceramic structures béfiotmmadtelrd ailnt roducti on o

Di |l ut edb aswad esru sfpreonns gtrovangs h e n®( 1o xX¥Wt@@ uspensi on
in water, average Ipar tGralpdheneae -89 XED; Cust
| mperi al Coll pger dompdemar edK xviidags ppersdons we
degassed, then carefully introduced into th
c hambHerb.sicaf f ol ds were frozen atteemecohd [ neet
drying step was carried out to retain the p
fabri ca3tl0i onaM o MG@ apfroer.msThe now di+GiOe dnad leu mian &
underlg® oS consolidate materi al and simultan

graphene &Axrn@®) (W& hin an inert atmosphere.

was al so prepareedt htto miacmmpmatructur al di ffer
mechani cal behavi 06O agdiemstal &l smintared witdhth
The following sections provide more comprehe

of the processing route.



2. 1Prleparation of ceramic suspens

Ccramic suwpe@shomeweahiudead asoni c transducer
Hi el sUdhterasonj@esr nfaombyHh combi nati on watt @O0 magn e
rpnAf tseone qui c,kt htemigaulcser c wWwasen steat7lbe %wer0
during it.Uldapearsatniicrmati on i s the process of
through a flawawi tfadtheomdapeé d evol uti on, gr owt
mi cr o rdtzreed BU'bb? e kb asdemmwenrs ttrhaattedr aw mat eri al s

di sper seds h eiamd uchiimga pd oicesa viable method o

agglomerates in the fabrication stlag&¥gof ma
2. provides an illustratupon of the processing
t N2o6 S

\ L @S i
al 3y Soe /
éaNNSN\\\\\\JL_J

{ dzLJLJ2
\

Fi gu3@ Schematic of the ultrasonic abasaedtus

suspensi ons.

Firstondeed water was set to sti DOLABhXt BE 6
(0.5 wt. % wrt. wasamdded oadd nSgiint es o Mhksf we
based on |l iteraturdt wios kptthgomd inmotoaripn raa theo mo ¢
di spersion of fil?¢& ltPelttdmiinca pppavdecrl ewales | owl
t hreemaimasntgi ng addi PVaebu{lOonwt 1%4 wt. % wrt.
sucrose, 4 wet e Bontwent ) were weighed and pl a:

suspensi on of cTehreasn®ii gvh [ &rpteiagleess . wer e sel ect e



prior 8%t ¢ fTdR’uf eni s h, the resulting mixtur e
ultrasoni cawuit evd tdlpoaru 856 n2i nmh avad.ye sSol i d | oadi n
ceramic powdeird dbewtwed nof2 the total solid mas
Il it er atdiamo wotrtrkett-tmogoder at e sol i d | oadi ngs ¢ce
porous spechmendFe>7Te8mperature was constantl
temperature probe and external cooling was p
gl ass IFeoakereferen@®, wt9.0% galodfmi na suspensi on
approximately 60 g water, 27 g alumina powd

PVA solution, and 2.4 g sucrose.

2. l1FReeast-dingi/ng of ceramic mater

Cust-mamde uni di feeteiadrnalng dpgparda)t uwasl i sed toc
fabripoatoesr ami ¢ spechbmgmns. with the temperat
wagonnected to a band heaeabobepeasamrndeendd wiheh ttohp
parameters sRoln airn $aygpladeant 1

Ly yOKNJY ¢ { dzA LISy & A 3
. - , - ~
6F2NJ SUKIy2t0 t ¢ @2 dA R
\[ \] / 2 LILIS N
¢ SYLISNI @
02y (NRf f / \
h dzi SNJ Of
«——— 1 0F2N) fAljdzAR
YAGNR IS
0000 “NLyadt ey
\r 1/ OKIF Yo SNJ

Fi gurdeg Schematic of tikeasduatgpoameftr eeze

np



Tabl2eli Tabl e of parametexcassemnglf ogr oclee ufreeeze

Setpoi,b,ntSISetpoi,ntSICool i ngDwel | a
(Ag (Ag (ACmitn (mi n
20 -170 5 60

These pamwanmededsienvivowmkt Candveftbbtyd ivsaet er

bastde-eastwhnigch g&nleomadger osht g9ughometn'ss®peci

Otehmwe fcli tlad er athuass caMot k | i s ed ttloongt rforgerebzhierhg r a
ofi ce crayadsolat @ifni ne mitere oisvt r (et shom@mhigei ng
or dié@ft 15APpYPr oxi mately 150 mL of et hasntoddelwas
chamber, covering about 2i&EmLobfal2fumm aopp
added t o an external steel c hambienrsudmad i T@
polystyrene poxyscsowytra@ainei mgads housed tnmnme t wc
casting mould comprised of 4 PTFE parts that
as the ther mal conduamtgesr ,t haartd hredbdbearl 1Ot he
addi tion, each piecetwascoinhan emugnaltye rgradé a svend
expansion of water duringnlyealez, nghe Aptegr &
Fi.g Provides a drawingascftFivi@daPTwWBsmdelkdgned
Mohammad dAumsiaRgsearch Opport uni t2i0els7T Pl acemen



Fi gu2xb5e Cl osed and expanded drawings of the P7

deposition modelli-ngstusgdprocehbhs. freeze

Once frozen, cast materials werefsedgeetr to
(Labl-8y5dcr ozen i n TKmhet ¢éthdBpiorh &l ask mani fol d.
were held inside glass fl asks, attached to
compressor and vacuum pump were running, the
in this manner retained tsherpaneuws i ar ¢ hiet eat
without any i nt e&rcradlf od atse thde@ rweetteind sOo | i d | oad
fabricatdad, swietch m2ns being creafAkbtdhoomghyeach

ongpecimaedre f20mbaavkt uMha suspensi onpwadp agleadces

2. 1PRkintering of ceramic materi al

Pr-i nteri ngacsft fcrreeazmea ¢ scaffolds was perform
(300 HTCarbolite t@kriwm,g WKIwantage of the pro

of this apparatus to create cycles with dif

timébis a <critical step for ensuring cast.
processing steps are eliminatede€dgadmd]| mesnhoht e
t he -spirnet ering cycle to the highest dwell poi

nT



UCmt,wi th an additional dwelol emtsut20tb@tf oo
remai Mdwke laft9 08C has ubhddliisaeedhleirt er at uoepwovkde
sme mbanicaltetrkbagfbackeoltte boundardleess of ¢
begin to migtédftwehilogethiemyl,taneously | osing
provided by the casting additives

1000
800

600

Temperature {C)
N
o
o

Time (min)

Fi gu26ei Pl ot of-sitmtee rpirreg program for porous,

remaining casting additives.

2.1l Aafiltration of por ous, cer ami

oxi de

Grapheneoovwdiede can be added to water to crea

solid material; these are typically prepared

of D55wt . %. Two batches of gr aphae nceo nomeirdcd aw
suspension of 4 owmti.s®dG@ailre adn@dset bmbor atory

wi t h unknown .Bon dhe sttroactki ocnoncentrati ons wer e

aliquots of the matedrwalngfobl bdwiavg Byl fdea

ny



weights were measured before and after this
verification process was performed three ti
prepared, suspensions of ewetrheert hOe.nO & pagkeefin. 1t,0
mi XA C 86V,Slynergy DevItBop shaoamodgeni se the cont
mi ns at 1T8h®&& hrrpene. concenthasteon ndse tweerrme ne a S|
amount ofcalO ftihate-aerhet mat greinelrsateaen d aryteirsu o u
of reinforcement ihftbBeéeneéeir®ednatrmprocsfuariecsiar g t e
preséimtecont i nmaiyh gt abcehi ewheidcbulwl af fedetctt heal
propebbdaded on per ¢goltatoimmngththleegolmayr st @8 r egi ons

of the micr osaoweurc ttuhree iammpdr o v @ ableerhtasv. i iorurme ¢ han

Vacuasmsishedl tration of ceramic scaffolds w:
degassind D8y staecssnycompobKjGesaphene oxide suspe
degass-edbat for, 5 preipreutteed over and around th
speci ftheensd i nside 35 mm po)l.ypfhoesyd emaei waoal lay
reduce0d. 9t obar for a few minutes to eliminate
t he porous iskciarfsftolsdtse.p Twhg s btuhleownetchipre @ ttelde pr e
close to the alppmaCarcesdubibminhg( visiibly ceas

mi nut es) , nomi nal pressure was —restored, an
vacuum chamber and placed inside a freezer f
based infiltrate. Frozen comyposietde fope di2mderog
reittmhe internal microstructwastigregm.erated thr

2. 1Sphpar k Pl asma Si rAtaesreidn gnaa fe rci earl as

Consolidati omasocefd creawaesnii@érsr i ed sopuatr ku spil nags ma
sinteyishgm (SHOFCBly®st &mé H, Germanyh an accompa
chill é&amumlwedrcecont ai ned within graphite die se
Once the dieiwawacbmpageded using a cold pres

j acket of fcoarr bfonr tfheelrt i nsul ati on and transf

n o



Sintering took pl ace under vacuum within a
Speci wemsubj ect eddesoi ganepdr esi ntering program
par ameDE€r spul se sscefdWWerbcd 2: 2 or 1:0:1:0 (on
pul ses/ extr a wegraaitsiel witsiiemldr) may be described é
continuous, seqgu.enfthees trempercdti wredey avas@d dt o s
mat e rwieales be0O@WO®5A01AC thafowasi héakd 1Thos 5 mi
was monitored via anuoed itcharl o ppgylr oanel @& rmrh oc h a
top punch of the graphite die roughly 5 mm
material . A orr &0svarse apfpl50kd uniaxially at th
bef orkeeahieng s egmenptlsush atdh ed rhdeuaot ai caldghenrge e t

t o &br0 XDMilni ther el i minary program adféPging n
il lTustrates the appampdat ds ci tcoehlpfo n @amsds &tOmba @ ch g

mm dig. set

Fi gu2.7ei Lef ph)ot ograph of SRPRSD Tayrpde cHPRID1AOE ) unii

graphitic components used to assemble 30 mm

pn



2. Overview of characteri sati o

To meet the primary objectives of this rese:
have been u2z 8)i sedvaFigus stages of the proc

aims to create porous ceramic scaf thalsdesd t ha

graphene precursor, characterisation of the
vital. Overs, reesmetarghbhars have priecnoonipad t he
t omogr,aph-gneosnt r ucti ve i maging technique, t o
faezxemst maf%e ti4ali8s was the most powerf ul t e
investigation and focused on evaluating: i)
fabricated during casting, and ii) the homog
Raw suspension ceramic sintered,
materials of alumina scaffold porous Alumina-GO
; particles ‘ alumina pre-form
‘ i % j i {AydSNE
YIGSNRI
N ¢ D!
t{! t{! it ¢ {ga
{9a {9a . W5
h a
wl Y
- wb y
wlk Y
Figua8a | | |l ustration of the characterisation t

of the processing strategy.

Once porous materials have been infiltrated
of iIits uptake into the core of the scaffold
the reinforcement i's necessary to fumather d

P M



properties, such as specific density. Aft el
evaluating t he extent of GO reduction, an
mi crostructure and a comparison against pure
condstidndescription of the testing of mate]
and cegraampltene materi al s 2 8Grparpohviitdee d( O unr aSgercat |

Erodex, UK) was wutilised as a comparative ma

2. 2Pdrticle size analysis

The di stri but i osni zeefs pdarettidcaVvemanp awder and col |l
suspensions with varying ceramic content (t
determi nB8MAparngcl e size analyser (Mastersiz
UK) fitted with a wet sample disperswas uni-t
empl oyed ttheeovlabmatdi stribution. The st wtas w
perf osmaéach | h@steicnognds wr ahpi ©Oh®A0ion.

Di spl ayed egietstudnt st taeg ef ul | set of measur emen:

scans.

2. 2TRer mogravimetric anal ysi s

The esti mataipdlreinke®i nf or c e md utmgmiaphieme mater i al
evaluat adcAughegl atter used 5 specimens of «coc
measurements for each speci men. A thermogr a
Mettl er Tol edo, UK) was utilised in combina
Mettler Tol éldoal WiKi)nawelr @ecubl essed to house
masses of samplie/sO bregt weeerne 5Wei ghed with a 5
bal ance (AE200, Mettl ers, Tdlhedd,eaWK)h.g Ipm oa@gl la

reach 1000 AC (from ambient cohditions) in a



2. 2Vid3scosity

Viscosity measurements of stock and dilute
rheometer ( MCR 92, Ant on Paar, UK) I n c o mb
(Rheocompass, Anton Paar, UK) . The measurin
measuring pl atle 6amin avagaptafl i sed. Constant s

out for 2 minutes Bt wad tshhaart ar dbted nagf redk og dec
Dei oni sed water was also measured as a refer
Vviscosities wapsroxautdemattihcraolu grgh tghueat . olinnt war e

formul ated from Newtonds s¥€éond | aw of thern

‘ — Equata2. dn

WherAe i s the area of the measuring pl ate, F
calculated from the torque and mbhasumitreg ol

def ormati on.

2. 20p@t i cal mi croscopy

Optical mi croscofpycusi masefd wavdlhengt hs of v
system of |l enses to create a magnified, Vi
mi croscope, an objective |l ens (or a series

reflected from an omljgendtf,i ewhpbiod caeéds Metynes t bamn n
be compli mented by mounting a digital camer
i mages via a computer trough a sett7.-8% disaph
t hought that the first, practical bidunuocumligar

the 1850s, yet it is believed that earlier
t het@egntWfp y70



Eval uat i-oe&c esifv eas, graphene oxide fl akes and
indentations uwaisn @ e@® osumemensi ons were subj e
ppm) in a mixture of water and -$i0P0@mpmEm)Nol ,
wafers for observation. 125 flakes were vie:
average flake size and form a fregqusemgy adi s
opt imé¢ &lr oszMIlpM, (Lei cdan, clokh | u maatgieo rc awittuhr i ng e q.
and sof(tUvd 6BBAGHQ, | DS GmbHi uEB¥YE maogkpit, | DS
Germadsgple bars were produced with a micros
magni ficatiepnoceadsd ngposwtas performed using |t
|l nstitutes of Healt h, Bet hesda, USA).

2. 2S&anning electron microscopy

SEM di fOMarss at dbeam of electrons are fired at
of detectabl e si-agtnaarisc agaretri ctlhees siunbt er act wi
surface topography and d6niphoissi tpdromc eosfs ai smapte
within a vacuum to inhibit unwanted contamin
atmosphere. The result is an i mage with res

| ar ge dept h of field t hat generaantdeisn g3 It hiem

mor phol ogy b hae svomklienwg principle is that el
anode from a source towards a collimator, W
condenser |l enses to further focus the beam.

by virtue oftbkatnaiegprcespdtefertiheg sted scar
parall el l ines from side to side, or top toc

interactions that may occur due to electron

i n Ei9..
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Fi gu2.%i Di agram of the possible interactions

penetrate the surface composition of a sampl

The most common types of detectors are SE an
the side of t hlei ceh awnibtelr ,t e elnectron gun, r e

( ficromtcei ved by Ever hart -eannedr gTyh o(r~n5l0e ye)V )c cell leecc

they are involved in inelastic scattering pr
of a sldmplEBedetectors typically come as stanc
most apparatus integrating a combination of

SEMaempl ofyerd det er mi ni ng t hree cped rvteidc |aen ds idzies
alumpowdenreasuring the pore size andcalsamell
materaats for performing frmcholgebtipim@dad analy
alumgmaphene s»@Ci gneaisns were evaluated to ¢
grainofsimatend alearm a frequency diTshtirsi bwatsi or
conducted uemingsiaon issdanning el ectron ,micros
CaZkisdKnd correspondimagt $S&MEwWN5 EAI] sXIBK

pp



The el ectron beam wastfebnrtdOomagpesaitSee mg wer e
sputtered with a Aw/nRidcad dvmly ddia gaexrt e o of sSur
chargiwhmich is referenced in tMeccapgtriapmsf ave

anal ysed using I maged software.

2. 2R&man spectroscopy

Raman spectroscopy operates based on the abs

measure the vibrational energy modes of mol e
was first devel oped by Raman and Krishnan in
aslight passed through organic | iquids whic
phenoméhadbbring absorption, the electromagne
phot ons interacts with the electron densit

mol ecul ar state after dMewewveni nhgafineenemigys i
Avirtual statedo the associated energy of th
and -Ahbkes scattering). This |l ess intense, F
process that arises dueeto aheramonsbkteuvl e ehe
and the scatt’dmedrpldt,onshe process begins by
with monochromatic, visible |Iight which caus
of photons and excitations (such as mol ecul
sample. A changres iwmhiemlrergan olce umeasured and
changes of structures’foiusidemwertdqy nt mon efcad eis

Fi3.10 and the necessary conditions for each
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FigwrlddiLefit Dustration of Reoxgthhdt ongkpreones geg:

diagram for the avsbciadai edathamgegyin

To compare the natedrad edf marn ae&p h an & |, and to i
the sintering stage, a Raman spectrometer (L
compati ble software (LabSpec 6, HORI BA, UK)
532 nm sapnodt asiimewa$ atilised to obtain scans
each | asting for 5 minutes, or 10 in the <ca
reduced graphene oxide. The chosen region of

1000 and 20nM0s cins because previous studies
gr aphreenleat ed materials can be distinguished
positions and intensi tiiEseod twe D gmal G a&srie
found close to 1RB&Dpantdi Meé6l0Y, cwh2.clhl .i s s hown

pT
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Figu2.®l1li Typi cal Raman spectra-rebwhaiende dnat er i

bet wéand8500ft.Adapt edmvar ezpeaRamet 13

2. 2X%Xrfay diffraction

Thepr oscs@ f XRDi nvol ves el ectrons within t he n
el ectromagnetic r adiratyisonati nvatrhegafagr bsdfasX e
direclt'§ 6iMds .summari se,raybveamadbdmXidde ato creat
di ffraction patterngfroetfhleercwtiisoen 0k n otwhnr carg h t
i nci dreeayts .X The -D edcacotrad eodf 2angl es and intensiti
a -B map of el eainmdo rul d eimshit fiefy rya ctthi on pattern
position of at®inhsi si nt eac ddnreymsetedflliodgett e r mi miitn g

cel |l par a,nehtee rasn,glie.se.and | engths that provid

for crystal | at%ice identification.

pYy



Bragg diffraction S a special condi tion i
comparable to that of the spf@sing Beatgwe ¢ m mk
outcome i soglknwerftede encountered scattering
the intended properrayseishaatf tshceat t@mredc-Xnstru
phasaed that theyederggttorahseferystal 60s el ec
the scattefti®hhgarppr,ocienstsense peaks are for med
that are associated wridays tthlreati nareen sceo li Ineed tdeedch
with the crysAablthepeamatmaddlek neiwatBia@ggldisp | aw
( Bugat i2ayvas f or muliast ewi daenldy wuti |l i sed for est
bet ween pdtaddiiisc

€ _ Qi Q¢ Equat22. a@n
Where n is the diffractiohl ostdreat i(ngy ptiltal I
di f fr alcits omhay Xwavel ength, d is the spacing

pl ane®j sanhtie scatt.@rlizdid usnegplhee.a sFmtegn on of c o he

el astic .scattering

—@ . \\.

dsin(8)
Figu2le2i I |  ustration of Bragg di f ffragc thiiwan.e ON
follows a path that incl@&ades an extra distan

p



Diffraction patterns -Wagief forba cdD A0 &urse nmegn sa,
UK)n conjunpopomcesshngDIsioFRAMGATIrRI us XRD com
BruketdkKKkéPert Hi g,hvsad ovjeer WRJRled er ences provi de
measur ed datpgplwerde by the I nternati ¢nCaDD Cent |

dat abGuw egwas util i sready asso utrhcee , X wi th samples b
of (or i nsi de) 3D printedAlplol gcaosi sveaei @ e
bet weeevnal2ue $86f abd in increments O0f 0.02, wi:

2. 2l.-omputed tomography

1-CT i s -daesnagmuctive imaging tecayi geanmnihag a
power f ul computational software t9 @Fkeivel op

i maging method stems from computed tomograph

|l ate 1970s) that creates 2D projections: not
evidence from a physicist wor king at For c
demonsthetecapabil ity of full'YyThecwoarskirmgtpmign
of CT is based on-rtalye raatdtiean u aotni oans oft XYpasses
Equata2 &n i I lustrateg atyh gptaswleisl sthramgk a sol i
intensity of the r@adwatiobeatnfdiestadcédyxthle
initial souUfMeamwhielner gy .i s the distance fro
1Tis the linear attenuation coefficient.

0 0OQ Equat2. dan
A detector is placed 4aadi stoamce,away hf tdnm arn

be scanned positi oh®d alddttweoenma |t HCeEl tewaud p ment

beam CT) combine a beam collimator with a 1
sectional i mages of the object, whil st S 0me
integrates a scintil |l atodr awhadhmalrpdiesd pdesvitd @ ne



to convert thaey deiterdled XA¥ i vi aslibbéendtighe . n

referred -hoamsdTIEnonbeot h cases, eithary tsharaclkej
and detector is rotated to acquire several s
computationally rendered into a 3D model

This work was supported by the -Nay i ©ha( NXRET)
through EPSRC gr amtovERP/NT @2V5 SXX/nl of an al umi
eval uated usilARQT as crAlc@ddebri edp NHMXd y 5 K &iekko nN

Metragl dKyThe par amertaeyr ssooufr cdeheanXd detectors w
of 160 kV, a maxi mum power was 17.5 W, and a
This formed a voxéam. rAdadil uit o mal loy, 4a 5& x 6 n
the free=z mwpss wurl fsoc ev al-ruay emdi aursd smgo pen XT s C ¢
kVp Zeiss Xradia Versa 510 system, Car | Zei
vol tage of 110 kV, a maxi mum power of 10 W,
forming a 688 nm vPowsalcesassaolgutoifomcans was
| mageJ o@mrad saBwr c&| (haermp: /[ www. tsdb i coebrt.acirng 3L

reconstructiosecandnalB3c¢mages.



2. 3esting of materi al propert

2. 3Sdeci men preparation

During the fabrication of materials, process
unwanted defects against their SRS haeokses F
encasing the sample in graphitic foil, whi c

within the surfacedHuringr momsol sdataoeas may

roughness can induce regions of stress which
servilceref or e, prior to evaluating their mec
critical that specimens are prepared in a w
pl anar surfaces, and ii1ii) does not introduce

30 mm-sdhiaspced speci mens were subject to grin
before any mechanical, t her mal , or el ectric
performed using apohusbmat iEa3i0yrJaEdieome tBuehl er
UK) allowing up to 4 samples to be treated a:
on individual sammpl esmninrera tShpreeca mens for det
strength and functional Bberhiatviihu,r wheearee s oumse
for mechanical testing (hardness, indent at i

mirror fiimj shA(sowmmary of each grinding/poli

2.2. Cutting was performed with preciGOd,on cu
Struer s,ompkK)ni @adc wi t-boadedod cho twh e el ( MOD1 3,
UK) . Parameters included-odfr owhatilonodpedd 0( ¢

feed rate oflL0.010 mmmin



TabRei Table of grinding and pol i shibnags esdt eps
materials for wvariiotuss hhewlhda nbec anlo tteeds ttsh at a

utilised for each successive polishing step.

Step 1 2 3 4 5 6

Treatm Grind Grind Grind Pol i s Pol i s Pol i s

Surfac MDPi an MDPi ar MDPi ar MDLar g MDLarg MDLarg
(Struce 500 1200 (Strue 3-im 1-Tm
120 9-Im di amoi di amol

di amond past € past €

Appl i 35 20 20 - - -
force

Lubric Wat er Wat el Wat et IP A IP A IP A
Ti me Unt il 510 <5 <2 mMini<2 mMmin-«<2 min

mi nut minut

FIl exure testing

v

+ physical

properties

v

I ndent at



2. 3D@nsities of fabricated mater.

2. 3.Buldlkensity

Buldke nsiotfi efsceasze sc(arfif of dssiontppweme cal cul at eoc
obtatipi he mass of t h3e dcdepccicmarebnp 'emtchs iafpBX pl o
EX42BhausSwit)zerddradidhe vol ume, utiipleirsiacg ua ad ie
NO. 03f mm measuring the dciyanentderri-caankuf theeri egahkte o
The reported volume was calcul ated based on

measur ement s.

2. 3. Ren2sity through Archimedesdé princi

Densidfi esi nterecrdedat er maiwead Archi meduesbi prngc
a 4 depcrientaibsail am 31 Q(SlaA t pr iGes niaintyt)ed wi th a d
determinatiOdBakt pr GeBDKKzannypl es were | abell ed v
before weighing, and the gl asslhedlheord fbielglasnd

with boiling the samples in water for 2 hou
before placing them in a drying furnace at 1
t hei rwedrgyht in air. The tempewai toséedf &ahe
temperature probe. The density of bul k al um

taken as 33.8WBi lgstm t heé Phesmnssisthyi ddgfwdrleduct i on)
was taken a%'®Slh®He gwere both used to approx
density orfGlawammaoasi tes throughilhehai mulwasot
coll emeéeasuvetmgensr ate an average ,and osnt awhd acrh
the relative density and r emauiantiibogh 8 6D si ty
Howevreers,ul ts ombabhethforal umina si Alaegreed at

representative of only three and two measur e



Equat22. on

L

YQa Qs QR p T)TT Equata. obn

0 &1 &1 "omorn'y ®b Equata2.on

2. 3Vid3ckers hardness

Hardness meaosfursimetndrsedasmadc @riiaé da ouunti viesgisrad
hardness tesNONdg Mhadlivmd ittt ed wi th a Vicke
bet weesaaodlD .151 kg ferecb®dal | pmactewe énmbedded

within epmsxwgaktecampunt i nd Ppienopress,prSitaruer s
to carrying out lamde mteatsiuag resmerhadse eu §iod d olw ekdg
E38147l ndentations were created at | east 0.1

the deformation crgeatgd omy a@atnldern maegetsi wer e ¢

mi cr oygtoomanual |l y measure the dE@qaeRemass of tF
utilised to convertofhentheiasthd eldaadd menes ev &| U «
on the force that is applied and the angl e

t ob®lIEquati®nuaed to convert Vickers hardness

0 Q0 @i QeI i ——— p&HULVE Equat2 orn

O 00 M O TEIMmWyYp Equata2. dn



2. 3Fdacture toughness

Fracture dodfougihmtessevh sgned teerrmisxilasdvV ItAlee hod, wi t h
the same equipment wusing for determining mi
on polis-bBedtconssolbesween mkio3s0d Skagof 10 seconds
i nduce t he pcrroapcakgsa ttihoant ocfoul d b e. oTbhsee rnveeads uarned
l engt hs weaeprl itehdent o stdbeeelf opRrad Imgw | A s taindd t o

calculh#&treacture (HBRgadhdaaSsand 2. 105r'@8§pecti ve

indentations were performed, and the devel op

) 0 T8 T Y08 - Equata2. ®n

Where H is the hardness in GPa, P is the inc

the sum of the I ength of the propagated crac
0 TBip ¢ 8 — Equat2. a0
Where E is the Youngbés modulus in GPa, H is
l oad in MN, and ¢ is the sum of the propagat
in m. An illustration is provided i suFieg. 2.



l ndent at

L=1Ili+ b+ I3+ I

ca=li+d 2

C=ci+c2+c3+ s

Fi gu2.1le3i Di agram il lustrating the |l engths to

indentation fracture toughness caused by a V

~

Aft eeri ntvlest ofafframct ur,e stuwrufgahcnepse $wesrhee dmet o a G
finfierh approxi matel y de:mtmifryuttehe type of <crac
Two types of cracking patterns fwhmahe har
referred to as -Radimgniwhi oh radikblustrated i
i s representative of deformation patterns t
cracks, whilst the latter is reprecratddsi ve
Rad-madi an cracks are also characterised by

the surface of the indentation.



. [
L Before
| | polishing 1 :
I l I i
| I | I
| | F 2¢ '

. . Cross | :
f—l—f—2a—~p—1—| Section | [-2a—] |
\7:%\"’/ View

Palmgqvist Median -
Crack Crack
L <> —  After S
polishing N
Figuzledi I | l ustration of two common types of
materials after indentatt*? on. Taken from Gmak

2. 3F5exural strength

Fl exur alofstgiemtgd rheavch smatad rciud lag ceidn twi t ehn cai Mg mo
in a universal testing ma®RRmbiend ASAIKI)CAuw®dL waes
foll.owBdtop and booft ttohme spamtswet end@Or ahldder2® |
respectivel vy, and a c¢r oslswaesa du ssepde. e dS poefc i Gneh
approxi2nla2xex y2( wnm h | engths wamodetwmp80i memht t he
fracture surfaces werkFoumvsepsddigmdres afsialgu BIEl
alongside three s pesditme nisatlokfhiotadgeh ctohmps i s no

sample size it i sb ttah onuvegdha trveatilugisl e sheent at i ve o
cy



mechamrihaalges. Ti me const-Y@) ndmrsd (idueud 0 WIOtVH [

restricted the further fabricathi owasfcapewl a

with EQuady odhet ermining: i) the bending mome
ii) the distance to the neutral axis, vy, an
neutr al axi s, . These three cougptoikem® s can

2.14 using the force meagasutelde attop haen d/ibed tdt o
t hreol | eamsdg)(SSand the thicknessapaendd swiedti meofs (s

respectively).

» — Equata2. onl

o — Equat2. dm
W - Equat2. arm
0 — Equat2.am

c ¢



2. 3ElIectcroindallct i vity

| ppl anleeceri cal ofsestetredi impast edebesmi ned at
condi ti omrsolwve trhe 2i st anc e nrsehaaspuerde nsepnetcsi noenn sb atrh
approximately 12 x 2.7 x 1.8 mm. -$Wwapeasgeci

alumgmaphene composite to evaluateaeaapheneonn

networks: one from the core, and one cl oser
was applied to the end faces of bars, then
contact was stationary, and the other 1lpRosi't

measurements were takeof tobhereheéet Bifiacalmer agi
EQuatd dn

” — Equata2. aormb

Where R is the measAuried crad sciHsdetaatrecdencirod s $ he s p
in?cmand | is the | ength i n Tchm sb emavse & rh etnh ec oon
into electrical condugt ipvrioopyp ed aibimm@h $ hep | sl
Equatibt.

wo— Equat2. arg



2. 3Ther mal conductivity

This work wast  ctoenarchen and Sci emScleC,| nGsvtiietduot
SpaiTrnher chaf f uosfi vsiitnyt e r ema smarteearsiuarlesd i F&BCGveen 2
in 100'TmEtmangamrsifigowm | aserlL FA aMdihcramfall ysterapry
NEZEH WE&quasrheaped speci mens were prepared t h;:
X 1@mmto measouefpt htalkeer mal tr ans,poagwtdaphopert
susperfGRAMHI T 33, Kont aktwaGh esnpioaa,ty @Gde r freameys) o |
monol at hmaesathey wer e ovdli.dTérei vroerlyatiimonshi p |
temperature and speceivfailcu ahteeadt wo a pha cai tcya | woarsi me
Setar am, Spain) equipped WMebbBustment esseste:d
out bet wd&mBC 26t a r AneglmifeOhQur sicfatsoabialt t
initial and fsitmaln tdemme watsu ree t ACalpaotl aa t aenda luyps it
was <car rwietdh ocuotmpati IClaé i sbbdbf wdrede Taldaime r dgplai n
conduct ikgthteynal cul aEgd af2iDm

Q | " ® Equat2. dn

Whemrsed she specific dhegdq)i shpamat ydieffblusrnd/i ty
0is the idensliméeatter was determined using th
Sect2 8n2. 2.



ChaptFabr3icati on of |

ol

scaffolds with direct.

consoli dati on of a

During this Chapter an investi gecaasitonaliwmmion a
scaffolds, and consolidation of ceramic mate
freeast alumina scaf40| d5. Wetaweami 20l oading
One tdhfe pri mary objectives is to create | ar g:t
aligned along one direction, therefore expl
respect to pore homogeneity and orientation

appreciati bhe porous architec-Ci€Cembisnead swi tgh

pore diameter and | amell ae thickness results
argument is provided in the concluding rema
suited for the following infiltratRloansmat ep.
Sintering monolithic alumina specimens in wh
determined, and the microsastucsoaakefof dawasnt
3. Optimising internal afcalsitt e

alumina scaffol ds

This section aims to demonstrate the result
materials with an appropriate internal Struc
insight such that | arger specimensds(@8aythenfa
1. 3. 2) di scussed previous work that f-abri ca
casting, which has ther pgotedtamad itotrcireat e -

inspired by the structures of natur al mat e



processed with a diftenenanocekcédni gqguiel ( MASCa ,

freeaseting mould whiéfhiestraelgati val y hsmabklk ud

| arger-caseematerials (30 mm di ameter, 35 mn
(Il amell ae) of materi al climséeht okhbas. oTonact
smal l est | amell ae thickness whil st -s<tail lel m:
mechanical testing, optimisation of the soli

carried oudctasbtyi nfgr esepzeeci mensmavu lt h.i nTlhercegfl o ma,r |
suspensions with varyingi 40| wtls%cwatentprbpht
identify an optimal | oading for ceramic scaf
material 6s matri x. After further processing
mus t have a mini muim3d tmmc&g&oesbabféR2ragmge s c al
perfoirmeids is indicahadchinl|Fiugumreat@&slthe in

roufFabricating | arger specimens would al so
the final composite materi al s.
' VARANBOo@lya 6 CdzNI KSNJ L A
——b {t{ 06AGK dzyAl EALT

LINE & & dzN
— | — )y HcO Y

on Y
aSOKI yAOl ¢ ¢ KSNYI
9t SOGNAOIt 02y Rdz0O.

Fi gu3tlee Di agramdefetppedessing rout @rtapwamaes
materihB sorientation off umetcih@amalc alt e ;atnidn g o]
specimenal so i lduspwrcateddi Thees whesweuVYidcker
beereatf@ed measuring the har dnesRBednldi fasacitrudie

direction in which the elneecatsruirceadl./ t her mal be



3. 1Prleparation of alumina suspens

The objective in the casti agranggeolwas argef a
with solid | oadi A@s whbeoweteon s20 ect the opti
Ssubsequent GO ti npakvremeebprponed twhnddeas dase

formulweinencsbhased on previous I|literature rep
DOLAPI X CE64 (a dispersingdg®algérftia,i | BVA,Nn anr
addition with respect to either the ceramidc
2, Sectl.oh. However, before their preparatio

alumina powder was carried out to confirm su

3.1.8¢elleatnidorc har actrearal suanti incan o f

It seemed appropriate to select -macstoametirng

particles as the aim is to mimic the thin I
Thus, the | ayers of mactaesrtiianlg maoduel dd ucroinnsgi sftr e
pairec¢l es. The review by Deville describes tha

freeaet materials with fine andmimdnmre!dditze aar
BAXW al umina powder ( ®2e s $e @tblie)adnwans Cheal petcetred d
compositiompbhséo@ant poss-mbsiomebfia gudin s
to any fabrication, it was critical t hat t
Therefore, a-Wtwady comdBiIAlted to validate the

and to confimamethat otherephasesceoiresascenal unmil
powder was accompanied by a certificate of

depart mecnitf,i cspteo the batch it was taken fro
di stribution were providédetalcodopd-OESH) hagtt t €€ ¢
are shown3iln TNRaktloga ding to dry | asoefr adiufnfirnaac

is 4m, 8whereas wet analysopbs @Gm¢t2 a far smal/l



TabBeiList of trace el ements and Whéprovondedn

by the manufacturer).

El ement Concent r(ap i

Ca 6.9

Cr <10

Fe 5.1

K 14. 6

Mg 1. 0

N a 10. 8

Si 6.9
SEM analysis pelaflacurnmenda opro widlee i s3.2di kpl waned
realised -tba¢ti vbed poewder are spherical aggl o
15 15Dm in diameter. Their morphol ogical appe
drying process that the manufacturer wutilise
fine powder. These spherical agg-momeomeéesi a

particlarse tdhmpgr oxi mateimy i @. 1s3 zHQ. Ovli sual i sed
processinoggl:vetdnils minnnut e of wultrasonic proces
drying to isolate individual par B3)c liess . a lTshoe
consistent with the manufacturerodos data and
of the ceramic aggl omer ate s a h dsevt ableu el eveans 1f50 ual
to beinbl. These results il | ustrreacteei vtehda ta, g gplroi noer

had to broke down to disperse the i ndividual



i magre odi vasW BIAUMBIi na. Sdmal e bar

Figu3r2ei Lef$SEM
sur filamce of a

| nsieni gher magnification at the

Ri ghSEM of individual grains after ultrasoni

Counts

0.01 0.1 1
Size ¥m)

Figudt3a@ Particle size-rcicet wieWu BiAdmi od pewder .



The XRD pattern3dsdhomwhni rirtms Rihge. Uph@®senak umifne
compared against a providedeéevafFeesncke,2Wwi 44éb,
37.70, 43.19, 52.50, 57.39, 61.09, 66.45, 68
peaks (41.64, 59.65, 74.33) that a¥ad uadisnm ac
which are lost slightly within the backgrou
bel ong to another phase of al umina, however
that sulggeptesence of difA@&rpiffThal wemiaka pla:
region bétlweem!| deeanofbe2 at tthieb wstpeeccitmean hol de
were made-pfrimmedDpolfil@€tdcan atchelref ore be c

this diffraction patter ndpihsasreepresentative s

1200 -

1000 -

@
o O
o O
| |
=
n
_H
n
=

Intensity (a.u)

400 A

200 A h

0 -FrrEes PR R R R PH R
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2' (degrees)

Fi gu3rdel X-r ay di ffracti-roemc epiav e\t raBlAUai nas powder
| CDD r ef erOebn7cle2 0fOOr compari son.



3.1.\Yer2 fication of the dippwdei on of

Thi s-sseabion provides verification thWt t he
alumina powder are dispersed during ultrason
suspensions of 20, 30, and 40 wt. %. To deter
preillnary test was carried with a suspension ¢
of 30 wt. % and sonication periods wup to 10
suspensions of alumina also contained the di
with rtes ptehcet ceramic | oading but did not poss
(PVA and sulXhiosleu)s.t rRaitge.s t hat a period of 2
produce a suspensi-mincrodmetnrdiiovi plairatl i, clsad. How
sonication produces a slightly narrower di st
had increadgedof 83&m21AC. This result is akin

10 minutes of sonication, but this amount of
ovreal |l temperature of the suspension rose hi
extended period. A report on the effects of
can improve the dispéfPandnlafgaggheomenatss

unexpected outcomes such as water evaporatio
a period of 5 minutes was carried forward toc
ceramic content. Particlesimarwitbundrdgoespenst
val uesin ff oOr. lal |l tested suspensions. This ag
for wet anaWssilamomaBAhS provides evidence

aggl omerates into individual particles of al



Counts

0.01 0.1 1 10 100 1000
Size™(m)

----nou/s ——2min ——5min ——10 min

Figu3bei Particle size distri-Wusuepens$i an 39r avd
with various periods of direct ultrasoni cat

di stribution of the raw alumina powder witho

Addi tional suspensi ons wi t h ceramic |l oadi n
investigated to confirm that the dispersal o
| oading range that has been selectedl336The pa
illustrate a vast decrease from the size of
mi nutes of wultrasonication in all/l three sus
similar in their appearance which sugglisds t
loadings bétdwWeeaevn . 200 onl ymicomd me tnr isaw bpairnm i cl es

average) after they undergo ultrasonication.

T



Counts

0.01 0.1 1 10 100 1000
Size™(m)

----as-received —20wt.2%0 ——30wt.% ——40wt.%

Figu3bei Particle size dWstuispensomwmsnsofwvi BAlY ar
| oadings after processing with direct ultra:

represents the size distribution of the raw

Fi g7il lustrates separate results for a 30
di spersi@a@LAPI X CE64, in which particles with
observed. Ceramic aggl omerates asgoe dDnmdken do
and the i ndmivcirdoueelt,r iscubgrains do not stay se
the changes in the particle size distributioa
successively (10 seconds apart). Thiraatdemons
of dismpemehecul es is support-mhgr drhet rsitcaball u
grains in all three solid | oadi ngscatshtaitn gweorfe

fine architectures and maintaining a suspens
perod.

y I



Counts

100 1000

0.01

Size ¥m)

Fi gu3r7ei Particle size distribution of a 30 wt
addition of dispersant after processing witdt
6 scans are not processed to illustrate <c¢h

begi nntilngt wee result in blue

3. 1PRocessing ceramic scaffol ds

freeasting

3.1.Rpfdearance and deast talsmiohafseaizf

After the vagpgpfomataoer Ofeakdown-casningredct
alumina suspensions betwked wter@mwas |l oadiingd
three casting additives (DOLAPI X CEG64, PVA,

suspensions. PVA esolfwtuinadn st oh aivrecrlreease t he v
suspensions at small concentrations and I mpr
cast mat®uwudmdse has two functions which are:

process as the | iquid volume freezes, and i

Yy M



| amel | ae -mdstf rmatlearfitaelrs -dfrryeienzge, cast mat er i
approximately 30 mm in diameter and 35 mm ir
to scaffold. One can visually ascertain that
the faces of the cydd nudira clmaidedsmmarnh dprt ©véd c
il lustrate2d BaeCh.ahterhe foll owing i mages il
scaffolds fabricated scaffolds be38eexen btihtes c
a 30 mm-cfarseaese affoomd produgendsifan containing
|l oadi ng, showcasing its |l arge size and the
Fi 8.8 il lustrates that as the solid | oading i
above, the (gucaalsitt ymaotfe rfiraelesz eMiamiynio$ he¢ ¢theslciyd
scaffolds became contorted in their shape wi

concaved.

Fi gudt8d Phot ograpbms aaé&f f ol ds -darfytiered d g mparei son
of a 25 wt. % alumina scaMifddlve ewi tof & uz fmerc
exposed frRimghmoelwd.of surface that contacts |

t he moul d.



Fi gu39%i Photographs illustrating inconsistenc

the ceramic scaffolds cast from moderate cer

3.1.Rf Rect-siomt eprieng al umi na scaffolds

Pr-intering is the process of heating a spec
sintering temperature and is commonly wused
properties so that it madWThndemwmgaufsr tkeraup
parti al coalescence of neighbouring grains |
particlescadtn dbjeectes, additives that includ
al so exist which can be releeaded tfhredam tcluegirre
the fca®etzematerials may be referred to as fig
in ChaptSeerdti.diney are very fragile aAnd°‘sP8cery

sot iis vital that these delicate structures &
by mishandling them. The organics (sucrose,
preparation are unwanted in the final, sint .
car broensi due within their internal mi crostruc
volatile at high temperatures and can be r
demonstrat3ldloy naFclgange i nsimatser ianfg eal uvymien a
at 9OOf or s3.0 Omesei nptreer i ng was carried out, al
smal | portion of their weight (approximately

y O



The

each for
i ncreases

preparatio

amount of sucrose is similar i n
of water, however there 1is smal |
DOLAPI XuCElbAsed in the suspensi on
are not reflected in t-dfenctaticngated
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aft

Fi gu3rledi Mas s efsr eodaat umi na
AcC

scaffol ds-sheft@re ngn

at 900 for 30 mins in aittfehoal dahgenof
the result at 27.5 wt. % ceramic | oading is i
Fig.lsh.ows the apparent densities and poros
speci mens6 geomeftariec amdsuanféteerrF e materi a;
cr eaftreddm 40 wt . % soloifd all paodsisraggss very |.ow bul

Thiraadet we ebi 005¢g2ctbef or-si ptering

and

decr eas

bet weDe rZi10 . 5glc fhaf t er

sheat ereng Tthri esaitamhesnot as e s
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deviation is more prominent at higher cer ami

consistent casting that was il lustrated in F
0.7 + - 96
1 N 1
0.6 + .‘:%‘ i + 94
T o5 1 AN - Y
c 0.5 L S e - 92 o
2 1 e, B T g7 =
>04 + Py [P - 90 @
i) T o - -® . B L o
g 0.3+ ol AR SURRR - 88 %
o 1 elEe .- :
0.2 + - ‘~i - 86
0.1 : : : : : : : : : : : 84
15 20 25 30 35 40 45

Ceramic loading (wt.%)

e Before pre-sintering = After pre-sintering

Fi guwrleli Cal cdllen®i t pes oagonftl iferccaemz e mi nal cm@misn a

forramge of cesamic | oading

3. 1UBderstanding i1 nternal a&rashi t e

mat eri al s

Pri oirnftioltration with a filler material, und
mi crostructure with respect to the size and
advant ag&oder standing the pore geometry is o
their orientation and homogeneity throughout
al so a key aspect ofi-CtThiiss shtigchy.y Theeneds e i af

destructiaamdnasabobmee,i nstrumentati on have t he

entities, e.g., up to 300 mm inside TtthTe equi
was carried out, t hi s t-ceacrhsnu ngiureg i asn dnoedxep eart seil
would noeemaVveadvi ble to incasti gdtreicéeverytHt

yp



fabricated. Therefore, some scaffolds were
and | amell ae thickness could be evalvuated b
scaffold. This was conducted first toAdeterm
t his f alsrtir@aaddigogsn t o process mhubkki anosinp o stihtee
components themselves arrangedangefheptastioul
l om@ange orderi mptefwithbsei $bstiesfgbhucensi der a
Defectisneamlayde differences in the | amellae (W

the architecture generated in the casting st

3.1.RArdhitfeedatunnnéeés-catf seenetures

Fi 8. 2shows SEM i maigretserodd ,prporous architectur
the castyimg phbeabeessof freezing direction (FI

and cross section (CS) have been eeassitg npatee d

forms which will be utilised throughout the
the scaffol dPWRasasdefhiesed mas eri als will be wun
| ater SPS cycl es. Scaffolds are predominant|
fregzidmnrection separated by pores in which

(during the dryingapgecelsamel MThe &dpmpgar ance

a result of using water as a sWPvVeémt’famwd a

ceramic bridges connecting the internal wal/l
pl ane. Il n additi on, some randomly awhignled c:¢
areypically seen i n ot her ceramic-basedctur

uni directicamsdidPhfglbeeze



Fi gu31le2i SEM i mages-cabt faeehetecture produced
alumina sUuepgdgdwi magni ficatiom@Samag®cdlhe olwarmh
500m.Mi ddlhe)yh magni fication i mage that exhib
ceramic | amell ae.imScRBkd, bdashed OIOiRiegshtr)epr e

di agram representing the three planes that w

SEM i mages were utilised to estimate the ave

freeast mate3 3dl spl Byg. how the two propertie

Fig.4illustrates the size distribution of | an
with different ceramic contents. For scaffo
ceramic |l oadings, it was determined that: i)
pordei amet er upon increasingimthe Ty amnd ¢ 0N
si mmletboasly, the average thicknesm todim)smmel |
The pore size is roughly similar as this is
which was identical for each ¢aPhelidnthaase
in | amellae thickness is noted in other worl
| oading of ceramic material causing the grow
from the sol i°Thecadthnicoreaseorntn. average | ame
increasing ceramic | oading can be <clearly

thicknesses also broadens. As scaffolds fabr

a narrower di stributhiookmeéssds nnkere fila@ied | afe

characterisation utilises one scaffold made



Fi gu3rlesi SEM i mage wa«fasa fsrcaddeol|l d il l ustrating
| amell ae thickness wasimeaTshiuirse dwa sS ccad rned Wbcatre d=

and 40 wt. % alumina scaffol ds.

T FN

10-15 15-20 20-25 25-30
Lamellae thicknessn)

= N N
(62} o a1

Frequency
=
(@)

W25 wt.% scaffold B35 wt.% scaffold m40 wt.% scaffold

Fi gu3ledi Frequency distribution of the | amell

region of some porous, alumina scaffol ds.
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3.1.\%i.2ual i satiircooomptuntreodu ggho mogr aphy

It wassible to vi s walfimmee zaasnt esncta frif€dT d( Riisg .n g
3.3 addf however the voxellm)r evasc| ptairdn a(l 4.y53 ac

Fi gu3rlesi a)phot ograph of a 25 wh)c)dnddlcumisrsa sc
sectii«dali mages of the alumina sqadf&)-Cd al on

3D reconstructions of the al umianpae psrceasfefnotlsd .t

directeemning. fr

y ¢



I n the cylindrical structure, alumina | amel |l
be easily i d¥fAct iad3id&d iTrmeFirg.gul ar patterning
this fashion is indicataséei md, uandi r &cthiasn e
previously that numerous channels (both the

appearance duaesead pmacReaensdsoimmgy. al i gned domai n

observed in tsecpioewi ca® slUbkBo be visualised
chindrical ent3iiby .( Heoewvre vienm , Flitigdkeer ea pipse aa afnare
ceramic | amellae following the Fdasatximat d&roiwaa
there is deviation from the freezing direct

highlighted thatf thkebeescaf faolseécthan does not
unli ke the resastofpoprnide chreszai Bpadfaryerd owmr Fi

resul ts

Fi gu3le6i Lef3D reconstruction of the core reg
Ri ghhti)gresol ut i-soenc,t icornoasls i mage il lustrating ¢t

exists -casfrmatzeri al s.

This region of materi al is |l ocated at t he
contacts the freezing surface during the cas
solidification front which entraps the ceran
from the fré®Z¥mgr dfroornet,. particles do not co¢
growing ice crystals and solid wAlbtbotbahate

identified this initial boundary |l ayer (or

dn



experi menttad 'STtldPddeanss.gi on i s a r-epubf ophrthel
during the formation of the solidification f

to generate homogenous ice crystals.



3. Exploring the consolidati on

Pl asma Sintering

't was ment i oln(ede citniPCmtalpatersever al factors ca
of consolidation of ceramic materials: this

particle size, dwel |l i ng ti me, heating/ cool in
within (i.e., i1H1e@acudci eqyVvioxindhean®BGhe Iinnftlhee rta
of applying uniaxial pressure must also be c

project performed at Cardiff Uniivnear ssipteyc iwfhei nc:
(of 20 mm diameter), a sintering -Wrateduna f
powder to identify its potenti al for creat
procedure was found that consistently gener
influence of sintering temperature onThéde den
consolidati e«amsaf sx afff ®é¢ e was al so carried o
i nvestiugatnigondhe ttioaundeinfditadindgnnsment eof ater a
can be achieved without a filler mattehrei al a

mi crostructur e.

3. 20Adti mi sing the consol irceacteii ovre dj

al umi na

3.2.Rrdliminary sintering conditions

The first set of sintering conditions were &
AC, an applied pressure of 60 MPa, a dwel | t
ACmi,n and a natural cooling step. -hZ .DCtpul
was previously stated that these conditions

previously conducted &tis@Gamwdi fSEMUN imagresi toy .

o H



surface and the appemramametorfi ca gfrianen, s9 wle.

alumina specimens obtained with these condi

during the consolidation process: this i1s |
resi soédncal umi na. As t he materi al cool s, i
temperature throughout the specimen, this <ca
| ead t o 280 a%tkrienegy. mai n complications wer e
aforementioned conditions: ) alumina mater
maxi mum valuel(®f8.H. B TgdDm, ii) speci mens wer

during the sintertihneg cphroosceens sp,r easnsdu riei i()6 0 MP a

graphite tooling to prematurely break now an

Fi gu3rle7r/i SEM i mages of alumina s-retereddupbwd:e
at 1300 AC, 60'MPati agOr ACenrj nnaturalToppol i ng
over al | fracture sur fBdae.k Sacgaloevsbarepx ek emm. t

pr es Biortgh)ohi gh magni fication Tmmage. Scale bar



To alleviate the issues that were experienc
sintering prevadwnaé¢ edas Fiest, the pressure v
MPd a compressive strength test demonstrated
graphi hespwewal d not withstand a maxi mum f or
MPa) . Secondl vy, the dwell ti me was extendec
speci mens wer e not fully dense (<99 % T. D
homogeneity of the tempecate@reeghoomughodI® mm
heating and cooling radteamkrehesebPCtpul50e ALa
altered-5firom plwOl s-6-) ¢tooMdti nuous) . This chan
to sl ower and mil der conditions resulted i1
speci mens fabr irceadeidv e M ofrowaler 3. @F.i g.Usi ng

approximately 6.5 g of materi al, a sample o
average density based on 5 specitth®@Bs2wéos Tde)

which can be considered as fully dense.

Fi gu31.e8i Phot ographs il lustrating the compar:.i
speci mefgrnel i mi nary si rtigrhmo)di fcioad i ¢ ® maehist i on
continuous DC pul se seqguence, | ower pressure
bar = 10 mm.



3.2.1lnRRl'uence of sintering temperature

Once monolithic alumina was fabricated more
sequenocptnigmi sation of the sintering temperat |
density and grain growth of alumina speci men
bet weeni NHW® in incremE€ntdtofwasOlnentiloned i
(Sectilon2) that fully dense alumina had been
dopant at a tempCéthaotwmerve rofa sit&afm.yaiblyl ushternat e d
potential for monolithicimlumiba owondoli dane
SPS to near theoretical density (>99 A T.D)
with fast HK@¥khd nignvedteisgat iedan abyn $Shret amwach | i
of w@Womped al umi nampaggircreg atbes cohmmpatiingl eod)
demonstrated that increasi Ag htahse Itiemp eer aetfufree

density of the fabricated ceramics ?&xcept fo

Tab3d & il lustr aM ead utmh anta BAWder densifies to 1
at and above a sinteXingheempenaanimeg DPp2aO G mMe
follows: a pressure of 50 MPACGmihne at idnme ldnd i«
of 5 minutes, and a con@i-MuouBheutl send eqfuein
density with rising sintering temperature |
|l iterature studies that have consol igdatiend al
si 2&8%°However, the Aeappeéans t1@800Be inconsiste
the density is marginally | ower #&hamifighat of
il lustrates these results with respect to th
visi ble that the calculated por d@i ¢ §v erfagael |
porosity of 3.3 %) is unexpected. The standeze

al |l five results which signifies there was |

hp



TablB2&717 Tabl e of density measurements for

increasing temperature.

Sintering te&A@ Densigcym Rel ative (Bgn

1000 3.87 97.0
1100 3.93 98. 5
1200 3.86 96 . 7
1300 3.96 99. 2
1400 3.97 99. 5
3.5
5 !
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Temperature ¢C)

Fi gu3le9i Pl ot of <calcul ated porosities for

at different temperatures.



To support t he density resul ts, anal ysis (
temper atpurteo t he dweild iprge seemg@reethtpno¥i di ng me
insight into the dbepsdbhtdashowsptbaessn all
the consol i cdatgiioms ArtoAdEdliss ievi dent that for

at 1000 &tdchelrle00 s |l ess compaction tMaandpec.i
above because the piston speed dmefsorneott hree
dwel | i ng.Hoevement, the data for dSApesignpast sitnh

their consobtdaribgnebasdnas far as tAose si

because the piston speed is stildl I n decline
speed in the | atter two results reaches a
commences, suggesting that the demfbi $i datbsorl

correlate with the <calculdaanresdiapyar oeixtcepted o
materi al si fMCwehriecdh awo ull2dd Obe expected to posse

what has been measur ed

o o
B a1
TN N I TN TN T S T N T T T T T T o |

o
w

o
N

Piston speed (mmmiH

o
[EEN

800 900 1000 1100 1200 1300

Temperature {C)

—1000 C —1100C —1200C 1300 C —1400C

Fi gu3r2e0i Pl ot of piston speed versus temperatu
programs used for alumina specimens sintere

remaining conditionst'hweeartd ngd cMhd ,i ng0 r Gmiers , !

QT



Further data wasf rgoam hferraecdt borye SESMur f aces of a
temperatures of 1260 ,t ol 30r00, v iadned al 4wWi0s u a | C Ol
mi crostructure that can be pai32eidl lagsati matte g h
internal microstructures of Tdl4@0Mi.naHemat, eriita
apparent that the ceramic grains within mono

temperatur e. I n addition, t hewet har i n cfreevaesri

—+

emper at uriec.r oBheucture of the dHApiexiimeme swint

Il i mited grain growth, but porous i n many r e
bound together. The measured grainACsiazree of
hi gher than those observed in the microstr
preliminary sintering conditions, but t his
theoretical vYabmpa(d8d96d)gsdwioi3c hgcine more favo

Fi gu3r2eli SEM i mages of alumina speciemers Piomwde
at various tagmp®0 BAMI00scAIC4A00 AC. Scdme bars
|l nsets il liusutarlataep ptehaer amce oTle Bas hmard ,s preecd meint
hi ghlight some porous regions found in the n

Py



FigBr2e ||l ustrates the frequency distribution
specimens sirnitledrodlld dtheXx 200 s a visible differ
of grain sizes as sintering temp®&QJ aptruordeu cienscr
an average graiim:simeasafr ed. 4 r MO m2( ametreer usntdaerrt
from 1On),3 however the prior SEM analysis il/
these specimens. A sintiriregul ¢mper at war g r afi
NO.i, with this increadimngtfartbeapetatard &
Monol ithic alumina si At ewaesd fauitl | Y3 e nared (>DO(
grain growth risesingi ogmirf iscpaenctilnye n(su pcAGtnos o4 i d
The distribution ofi mglruaminn as iszienstogirse didrachsbdiedr® 0

but there remaining porosity is slightly | ow

200

150

Frequency
[ —
o
o

(o)
o

0 ,II,-I,.lf_l,.,M

0-05 05-1010-1515-2020-2525-3.03.0-3535-4.0
Size ¥m)

m 1200 C m1300 C m1400 C

Fi gu3r2e2i Measured grain sizes from the microst

sintered with increasing temperature via SPS

An ray diffracti8n2 pwaseromt @4Fhgd to <clarify

monol Ualhami na, and to observe any possible ¢
tools used during the sintering process. The
ageceived powder; h&ewewetedgied tbatdthe a8cgne

ool



oféc2oul d be some form of foreign matt %> Aft e
or al umiomit amni "t tspwas ededuced that this may
amount 4O0CRO7A°Ri s compound could have been g

temperature reactimmrmrcrioanewadr taHernmsinta powder

tooling that?°Seevemoumelsesist,. it is currently
whet her this species is present or not witho
1200 -
1000 -
£)
8;800_
2 600 - | NBOSA @
c LJ2 6 R
g
€ 400 -
200 - {Ayd
I £ dzY
0O M m.‘ Pepiot l‘rH‘:::i:.rLrJr'r Lr"'rQA’..L:i.r.ﬁ“r'rH‘{jAT‘-‘ﬁ'

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
2 (degrees)

Fi gu3r2e3i X-r ay diffracti oW platmiema oifntBAl&Ed at

agecei veW BoAwdber for compari son.

3.2C@nsequences of-cashteal omi haes

Considering that the aimis to fabricate a |

consolidat-cagt aspeeemen prior to reinforceme
was to investigate I f | ayers of cem&mizé nmat e
direction wusing the aid of wuniaxi al pressur
reinforcement phase. An wunderstanding- on th

received alumina and processing the powder

Man



accounted for. | t mu st be noted that the sca
a 27.5 wt. % alumidh @ bbepenates.thkhRegfracture

mi crostruct urcecatf adceaef ffalek.z e

Fi gu3r2edi SEM i mages -odsta diIremizea scaffold cast
suspension sintered using SP%heaatt iln3g0 Or aAtC,, 6n0
cooling, andTadpomiem adwelflract ure surBfoade.m)Scal

hi gh magni fmagei Stmale bar = 5

This scaffold was fabricated during the prel
so the sintering conditiaednad. Wete Tdhosleamisfeyd,
a sintering temfer @80uMP@Paopr 28860re, Aamihneat i n

and natwural cooling, a dwell time %f22) minut
For the purposes of this study, 1t was not v
Visually, there is |little differencefi bhethe

agecei vedsipmotwdreeed using the same si Bt®6ing p

with no significant evidence to suggest any

MM



could be argued that the core region of the
appearance, but the ceramic | amell ae created
grain size appears to be slightly | ower wit
ahbugh the density of #h9&. 5 admpT.eD)wawhi3ch 3i g

of the speci men sriendeirwad fpowdedrh.e as

MH



3. Bl scussi on

3.301 t he fabri caiciacn @afl u nfirneae z

di rectaloingarrdcdni t ect ur e

The casting moul ( See®mloinh) Chsagdaesd f heeakumi
suspensions was made from PTFE components an
t hrough -pFrrDiVh t3iDngs e tbt swds di fy the ice in an or
to the cfyaciensd caobnotdp Fiissed of tedh sspeapratrsaitfioorout any
pot emtiali ment to t he tfrhoazse b eseme csitmeers.sed t ha
of ppl@ays a very | mpoohantemat ieonisn dtuhrei ng
grpahenei nforced compoasbijtest ofathies twobhrekener a
mat er i adisr ewcittihonanlalt et dalat g nve d | evesblaldlay ede i
|l ayer®PS after rotation of Acfl it heér ispelci mane
directfiromfaddm one faca ntd htehd ygpti kare nf aselritarc
aligned channel s wo8uU0Mds d&aeuvejretiled aatpepddleacald
duringhg8PBannel s woul d dred dtelse¢ rloygyeaeri ng of m

redundant .

Howevtehri,s al ternative cast ilnigk eo raipepnetaartai nocne caal
FD aResent computational. wbnkolbyed | egmhsitsi uct
mod el to predict t he awearsdgec-ad roematiez e t o fuc
which were fabricated with respect to?%ariou
This investigation included different moul d

affect the homogeneity of pore sizes becaus

exikhe differences in the prototype moul dés
have influenced the temperature distributio
resulted in poorer alignmentCommomayeridle ano
wal | s ar e f abrciocnadtuecd ifvreo rmartenr i alstauwogh-bays GRT

Mo



Dur @t . ashown the materials that the moul d w

i mportant role in the solvent crystdPHeyatio
cast |l arge (40 mm diameter, 50 mm height) <ce
and found that wusing mould walls with a | ow
far more wuniform | amell ar structure as OoOppo:

far greater t herTnhauls,c otnhdeu chtomaogeynei ty of the

that forms during the casting process i s not
but factors t hat i nclude t he moul doés comp
propeidtt could be suggested that wutilising

copper) as the contact surface with | ower th
the initial boundary | ay&md which was il lustr
The gl obal mi crostructure of a | arge al umi

throug@m which displ ayed -rtahneg ec rleaameilonaeo fprledar
oriented along the direction of freezing. A
wor ki ngetpeaersa was not able to detect the pres
roughillysic’ i n di ameter along the ceranmc | ame
This surface roughness was | ocated on one o1
beli everdeltaot eébde t o the additi o¥ @IMasPueadtr.os/e be
reported that the addition of 4 wt. % sucrose
mi croscopic roughness!%llheng itshueal d ssatt i loamelf| 3

casting features demomantarl aytseé ss taH aatnet weas not

to provide an understanding of all -thet arch
materials possess. Furathewhmocrhe ,t hteh emil cernogstthr us
exi st on-cast fmaereials from this investigat

hi gWwden compared to the architecture of the
1, Sectl @n 1) . For conteknesd hef awemramgiec tlha mel
been createdimvefrreom 25 amd 40 wt. % suspensi o
the miner al tabl ets in Tmadrhgtclkire iappaodi mbher
one order of magnitude, the gam&@hwehirceh iiesw rbe

Devielal./e des cr ibbaesse dt hoant ,e x t rlagpmd lalt e tdlait @k ne s s ¢

MAan



created aism Iwhvenascointrolling the f2dymul abhi en
is stildl doubl e that ofAnnaecrrd d £ r mir neefri. adw o/
di scusses tfhaebrviacrateitoyn orfout es t owdrkdes ntah e rad ras
yet they state t hcaats ttihneg uisse oonfe forfe etzhee mo st
devel op bluilke nmatreri als and mi mi 3 ts mechan
3. 35Sl ecti on soflliodapdad ifhmyael-e 2 s t al umi
for further processing

The microstructural analysis that was pri mar
t hat scaffol ds fabricated wi t h hi gher cer
homogeneous | amell ae thicknesses, dwii:ith ha sdi ¢
would result in a final compositebs archite
contrast, thinner ceramic walls (throughout
more interfaces if a secondary materi al i s

t &t one of t he ai ms i s t o produce bul k CC
mi crostructure inspired by nacre it woul d

consi steaemtn,gel mmgdering. Therefore, the dat a

materi alys ftor waardr for subsequent infiltrati
scaffolds because they exhibit a nartrmow dist
The number of potenti al interfaci al sites (
composite is made with a SmadvVedagealsd mdlrloane
compared to 40 awter% g(eld3 amel |l ae) because the
far thinner when consolidated using SPS. It
wt . % were not i nwgsthiayaet geeneTlhaeayedma finer mi
| ower wal | thickness, however tahdai2.R2)nak oa
|l ow and would not have <created sintered sp
mechani cal testing.s hvoped ssppeecciifmecnasl | wi,t hbaa t
above 2 mm are commonly wutilised in flexural

M p



3.3CB8nsolidation of alumina throu

't was found that t RhW pdoewdseirf itcharta uwgh 03P B Ails5
temperatur &. oSpelc2ionfens s ACnteexrheidbiat 11200 e gr
however, the presence of p dlraensd waesd otbos ea vt
speci mens that were not dense (<99 % T.D). 1
density calculations are comparable between
AC, yet the extent of grain grdwdghows @ emi onn
sized grai nsy gdlrdeicho minnasnitzle (with anim)v.er age
However, the grain size distributionAWas nar
which produced an Wnv.erTahgies onfatilc.hOe sNOt.h5e f i ndi
et tahat were mentioned at 3 Re l1b&giwhmi nfgoumfd
di fference in the densities of monol ithic a
temperatur AC2%3%f 1300

A smaller grain size would be advantageous w
propeidltiaeger grains are more prone to intra
the propagation of cracks through the grain
which describes the propagation of cracks ¢
gr atliffsh.e work of fracture increases if a c¢ra
of neighbouring ceramic grains, so material s
to possess greater mechanical bé&¥awnixururien oolf
both modes is exhibited in 3tRwi tSIFEMi ntmarggersa ns
fracture occurring less frequen]l yTharepecen
sintering tempelawarse seff edB6€60 as the optim
conjunction with the remaining parameters) |

materi al s.

With regards to the interxwalktmiscadsotdect aher

di fference i n comparison to speciemers powse

MnacC



Using the same sintering conditions, grain d
freeast scaffold. This is |Iikely to be relat
during ultrasonic processing. TheirwHeohbhitie

provided further evidence for altering the

procedur e. Al so, without the use of any fil
aligned with the FD axis could not bie di st |
neighbouring |l amell ae that were compacted t

woul d have coalesced without the presence of

MIT



3. €oncluding remarks

Il n summary, this chapter involvedasheapuepaasn
scaffolds with directional porosity from a
consistent ordering of the solid and porous
fut her studies. Studies were al so-Wcahdwmchead

through SPS to define a procedure that woul
The influence of sintering-rteemp ereat ad & mo m at w
inveséeédgalt was found that the opti mal scaf f
ceragnmaphene composites were those cast frort
This was because they posseimsaderhige) ¢éar anmi

the bul k of their structure and consisted of

fromm easei ved powder (~6.5 g). Scaffolds form
ceramic content were | ess corysiasmntde mgte nierr att hedi
homogeneoucsk earndl anheil | ae.

Regarding the SPS oW paolwdmirna sfirnotne rBA#5, condi

50 MPa preésmidmeand05 minutes dwell was selec
from the work that cycles that were investig
was to generate dense, unbroken 30 mm speci

conditions producedlemseami®Nd. 2 hwdt TwRa)s with o

growth fromm. Fastterl. harsher conditions tha
a heatingOAati'm ahdl0 minute of dwell produce
during the sintering process and possessed ¢
consolidatedt fspezemen demonstrated that, W |
filler material pitkedskimaterahbhtseraxhibons from
from trheeceasved powder . Al t hough, this was ¢
sintering procedure which 1is not entirely 1

conditions.

MY



Chaptlerf i4l trati on of a
usigargaphene oxi de sus;f
t heeonsol bgatSpank Pl a

Sintering

n this chapter, an investhgaedoausp@&Ositdhmres
nside the poasts alfurirreeezmat eri al s-awsisstcad r i
nfiltration was carried out on scaffolds wi
ast scaffolds that was i1dentified in the p

denti fyraegrhemriecrprse widi s p@weklked reinforcement

omogeneously arranged throughout the micro
nfilatreniealm to avoid the wutilliiskag inoant eorfi ahlysd.
s advantageous in this processing route as

mi xed sol ely with water to form a suspens

Addi ti omaddeg ,oft horganic solvents is avoided

environreaentealdllyy processing strategies. The

concentration of GO t e ipsrpeewisdeed cGihddl idndueounss, e ov

of two edstOfsfret o porous ceramics was al so eva

physicochemical features wer e chabascteri se

suspensions were as foll ows.

i) GrapheneaGOsluswmppersi on i n water

i1 )l mperi al Col |l egma d@0®sdusm,e ncsu s0tno m



The cunsatdoem GO was previously prepared at | mp
modi fied Hummer 6s met hod by5@Dmefniackaels eoxff onlaita
graphite powder, but no data was provided ¢
physicochemical characteri satGQ npfroresms mper at
obtained, they were consolidated the owgedd SPS
f or trheec emisvedi mrliumarmial y, the aim was to consi
specimens to compare against the monolithic
previous Chapter (Section 3.2.1.2). Density
cycles proovatewannds the extent of their con
surfaces were investigated using SEM to ider

both the c@GRMwmmpoaerdt s.

4. Opti mi sation of the concent |

A suitable cdcdDbhadt tat iben iadfenti fied such tha
porous alumina materials proc@8ss®adtibiyodf)rreez

generated a condi sspeonusedanldawedd of reinforce

SPS. Three concentrations were tested using
these are 0.025, 0.1, and 0.25 wt. % which
conca&tmitan (1 wt. %). The composite materials

XA10::YGO, wherese&Xntreptrhe solid | oading of the
casting, and Y refers to the condelhntdiagploay &
the microstruct4 GOegnadfer abhlumi mdt ained after
temper at urA8i hoofwelv3e0r0O, t he dwell time and heat.

each specimen as they were fabricated during



Fi guktle SEM i magesebhf oGOed al umina composites
t hat were fabricated by-agigsiopt ecdsitmfmigl tarnadt i w
scaffolds withbadsigdddseu mdn swWdtAestOAI0. 02 HEFO,

25A403: 0. 16RQ 5%k 0. 25GO. Scal eTlhearismages mrthown i
4. 1a 4abtl were taken with secondaryd d ewtason

captur ed iwietB coganctker ed el ectrons.

Regardless of the sintering conditions, the
infiltrate (and sinter) porous alumina scaff
wt . %) . Al l three sintered composites were 3
thickness, and close to 6.5 g in weight. Thi

speci mens sint erreecdeifvreodm ptohmed & &S @ nt iCohna p3 .e2. 1)
presence -oorfi emitgendl yf i | | er materi al i's visible
prsesing during the sintering procedure. Al t h
infiltrated with O0.025 and 0.1 wt. % of GO (

| arge regions of the microstructure that are

MMM



These areas that are solely composed of the

as dmOwhich is 10 % of the overall thickness
material displayed i-di §pgrsddlceerhobc-emeatw
section which Il ed to the decision to use O0.:

remaimnfdetrhi s Chapter demonstrates the fabric:
i mage, which is based on the infiltration of

alumina scaffol ds.



4. Physicochemical features of

Prior to utilisation, the fl akéOssrd wa&wedede
characterised. The for mer was conducted aft
was described in the methods (Section 2.2.4)

Xray diffraction (section 2.2.6) anbd aRasnoan

evaluated the | RMst ircaet hsepractihnagn ofheG phase of

assedsedhapter 3, Section 3.1.1.1. This is

gual ity and chemical composition of GO f 1l a
understanding the sizeiioff tthhee ffllakkes darse cwi
compari seompotree tsh zes of the ceramic scaffol ds
success of infiltration. Faovraicllaabrliet y&G wsiakle b
as BG@ierwhilst the suspension provided by

refernaedf@d®m

Di spersed fudppkesrse odb sGeOr ved OQMangd fd4o w2nd utsa nhga v
average siime 8b6m8 Ob8P-lafgersihgkes can be seen
themselves after deposition, exhibiting the
some regions, aggllaoy®eweart @saloso mudent 4.f2i)ed (i
by virtue of a stark dharege idro aompti ccaolnta o b
determined flake size. The frequency distrib

flakes arembehaowhlO0s valid according to the
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The cusatdoem suspension was previously fabrica
but there was no previous characterisation
results show a clear dif twsrassn cfel akne st haer el antuecr|
thansuB@i Wi th an aver ang.e Mulztei plfe 2a2p tNi9c al i ma
in Bix.illustrating tawpifieklhaer glerstgiibatower o6
al so far broader with some firhakmresdifamatdemo

fl akes were founidn.to be | ess than 5
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The data provided by Ramandemeastoasatepya( EI g
i GOwi th respect to graphite however G maj o
batchaers be identified. Graphite was wused as
closely resembles that of GO¢ o mti & ihroiurt g i1 fnu rea
gr oubpst.h GO samples show two main peakatsitu

correspond to the D and G bands respectively

peak centtroed2 Zc oxsiesit s which was illustrated
2. 2 .26917

E)

9/ G(%upplier

2

i)

c

2

E GQustom

Graphite A A Pendmrip]
1000 1200 1400 1600 1800 2000

Wavenumber (cm)

Fi gurdd Raman 8pkcGGOIGRustamdr aphite.

|l nRMs, the D band is denidueeédf mooeaaddsohds
intense in graphite than the G signal, whi c |
respectTfhel yntense G peak arises due to the
graphite whichyydptrimsala snajgth€hiEy madebe furt he
to a strong phyelsreindies aotfi osnp wi t hin the hexag
graphite, in compafamsdhcshaor atchtee r mifadtudicbsep n GC
ratio between the peak intensities (D/ G rati

morcer deGRMpossessing | oc®4yWheb/ Gompaired.to grar



posseess D/ G r alt, i &Oofexh.i®d®i ts a much higher D/ G
be attributed to a mat £2%GiOalc owit tah nfsara mamd edi
containing functional groups (epoxides, hydr
range crystallinity, particularly when comp
obtai nedusfiocsr v@O y simi blwpithantt Hat mafy ®@ ar gu
some subtle differences. 1t is difficult to
G signals have shifted PBPlyusn,o tmoe ei nthams iS5t y nk
peaks, i.e., the D/ G htaty of rdbms0a®94o0tdr@ppPed

The coldagtaedfXraction patG@GGomei snmacbar petad&r |
2evalue of 10.48. Compared to gr aghiktee ,pevalki at
a scattering anglpamacofng2®.f2450 tiree mubch | arger
to 0.34 nm). There is a stark contrast betwe
i seaxrly dispdmyend cihn |Fikee. the Raman data that
similar result to previous reports, with the
of graphitic layers dufZd*nfttenre @&xfokiadaiiowne
carbon shewitpsbsisres@@r i ety-coht aixyigeg function
decorating the axial-bpanidt icamdonfl Consaled:n a
of oxygen moieties is not consistent at ever
in tshepadi ng acobswmabdidemietalt,i ng the broader sig
signal broadening due to steric effects. The
(42.54, 44.54, 53.82, and 77.38) are related
are not aligned wntbmthg patthaof onhe
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Fi gultbee XRPatter auppiG@bGs@Qamdr aphite.

Th¥XRPatter ausoecfh 0G|y resembl es t heuppritehlee n o
custmande GO produces a sSkuwpiakwitthatr emgteche st 0G
intensity and peak position (10.48). The tw
provided in the previous Raman spectrum. |t
techniques that the physicoGhsamhcalar yeatlThhn &
predominantly in the size distribution of GC

revealed using diffraction techniques or spe



4. ;hfi hgpat ous ceramwct mawat e

based suspensions of graphe

Previous studies have idemtiefrieeld tplhe ocapaeirt
infiltrated with filler material s?26 f@dl udi n
ceamics through t he -dienrfiivlietdr actdh&et riatfuieonotipsame i c
have al so been deposited within porous mater
reduced pressur e??%3snied ee xaampadceuuinmvol ves t he
reticuloastcaad fHod @s with a | esszpcaorntciecnltersatteod asll
mor phol ogy ofibeftemre ailnfpiolrtersati on, the pores
with failure of these materi F¥3owever atahge
infiltration the apices had become denser an
the mechanical strength. Yet, there is |itt]l
GRMisnt o the pores of a neaft. eardieanlo.n sitm az Gld4 ,t hzh :
of dcraospt i ng s us@@onnstioo nvse rotfi MAVICINY sal egneda MWC

f oresdescarsi bed by 3 hies ane hrolr se dp annela csoampdovsiic

structure, with rGO acting as theasticerg shae
also utilised in ercehda dvepdksibty &xfthgltitat ed g
wal | sceorfami ¢ (sicmad¢ddxidde)

Therefore, two approaches for -dansftiilng awa sont rw
to visually comprehend the effectiveness of
ceramics. This method is quite trxpenrlemanda.
The second technique requires more involveme
encourage greater uptake of solid matltri al [
was il lustaddtethaitni BRfgl tration opepoiroms can

| ead tdoi sweelrlsed andeicrofndri thairseurstas seen when
suspensions of 0.25 wt. % asso@PfpoB.e@avi oth & W@ .r

Therefore, this section describes the-proces

MM d



based suspension with a concentration of 0.2

alumina matrices.

4. 3Prleparation of graphene oxi de

Prior to their use, the weight percentage of
after freezi-chrgy ianngd sfmaelelzeal i quots of t he | i
materi al . This was <critical tnoa dwee rsiufsyp,e ness o
conesridng its stock concentration is unknowr

aliquots) that theast$bel i0d 3@atNé®r. i0dl witn %GO whi c |
than the concempgiiathi enwas &Ound to be 1.06 K
cl osemagteeo the manufacturers value of 1 wt
of stock and diluted GO suspensions of 0.25
rate to evaluate their viscosity during fl ov
The meaentrsemdb Fi ustrates a clear decrease

GO concentration in both batches.
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Fi gudbei Vi scosity measurements provided for v

oxide and water for comparison at a shear r a

The stock solutions of GO exhibit Vi scositie

forsuggmind cQuespectively. These values decr ea
the stock solutions are diluted to 0.25 wt. ¢
suspension coupgi@8im) ng eSOmMbIl es -wehgtht ofagu ®avu
gl ycedl &ti |l st the value obutsaoiri@a) ifs oaordp drud kel
cooki rgé dMesdi fference in viscosity can be a
present in each batch. Larger flakes would
therefore, would be more |ikely to interact

compared Wwieh ?2?®#ahkess.woul d reduce the exte

(7))

ubsequently increase the viscoelastic behawv

data il lustrates GO suspensions containing |

—+

han those with s maelnlceer nialya kpel sa;y tah er odief fdeur i 1

ceramic scaffolds that exhibit pores on the



4. 30R2ti mi sati on of t he Infiltrat

graphene oxides within porous

I n the first Il n-eaahceg wamplueéi repd to veri
route could be realised. This strategy was

suspensions withiwcashespgpaféo| adfs toepzavi de a

ofGRMshr oughout a ceramic matri x. This was p
from both | ow and moderate solid | oadings
applicability oo0asatrmageriodl $§rwiezle varying d

cl ar iefeyceasftr materi al s-sihratver ebded@dto pI B® mi nut e
(il'lTustrated i n Chappei or3, t cetthiece 4831t 1Ld2 ez
demonstrates thecasitabGOi $yspgensdiroonps wi thin
materials (foll owed @®rye faare zvingu alnldp rda g eargt) a
appearance to the oudeaifdétodtiscmffopds e0art
internal core (in -whiet exya pp eaanrea n, c a@thhei sst eoifafb s
througftadtomg provides visual evidence that

peri meter and insi deatsie madree i@afl .t he freeze

Fi gudt7eil mages of a 40 wt. % alumin@®astafwvi o hd a
0.025 wt. % susppepmeifonpf of t GOtRidg hsto)akef sledt i on
the specimen that il | uswpstahbreosu gihhiekDdeposi ti on



A GO fAskind also formed along the top face ¢
flakes aggl omerating on the surface of the c¢
This is an unwanted feature and could be <cal
wt. % alumina scaffold was not perfectly <cy
previous Chapgtkr2.(19ect@mme the infiltration
possible technique to dispersecasO frmatkeersi & lhg
fronv Itoo moder ate solid | oadi ngs, t he prim

investigat-adgdsi yaeduimhei remstoinomg for focuss,i

scaffolds as the host materi al primarily was
g which wild. produce sintered mat ersieains wi th
Chapter 33 2S4¢t iaond modeexed welrlamic wall s in
those made from higher solid | oadings. The

all ow for thée @EOrmeakéesnt hroughout the entir.
with the assistance of reduced pressure. TF
suspensions containingupPrirdr2GvdmFao §a fd eepiitchtesr tC

first experi meadsiustiemdy ivrafciulutmr ati on.



Fi gu48i Unsuccessf ul test of an alumina scaff
GQuppsikspension uas nigstveacculuemfbe¢tomaei ohe i nfil
procedure. ScaRiegtsixyafF ol0d mmne.st royed after th
Largemacks are highlighted with thin, white a

As the pressurel waasr | obwebb lelded ower e observed
sides of the scaffold which was promising.
| owered during a period of approximately 2
scaffeldewroyed during the | atter stage of

t hroughout the scaffold and debris that has

the container. A steadier decrease in press:s
performadsiegquent tests, | eading to successf
the delicate ceramic material. Thus, for an:
was | owdr @daart on a far steadier decl isappiiwhi l s
and ¢cGsQom

The subsequent i mages show the epxiteein2bed I n

wt . % alumina scaffolds usingupfiZBhewfi %ssusp
was | eft whole, whilst the second wunder went
that was i demnCiTfiedChhpbaegh3 (Section 3.1. 3.
the whole scaffold has a | abgdyséthroongbfthaé

MH T



has not been i nf i lbtarseetde & uwiptem sti hoen : watoemre ver ,
deposit GO inside the perimeter of t he sca
scaffold that i4s9 d(wiptl mytelle icherrsg.regi on rem
more homogeneous deposition of the filler n

extract ed;batshead waitsgprensi on was abl e to per meeée

Fi gu49%i | mages of 25 wt. % al wimmnfmial tsrcatfdd | Wist h
wt . %s GPsiks penlseifanjwhol e scaffold witRh grhd )phy s
a scaffold with which the dense region of ma

mm.

After cutting open scafiford dsesuwmlft | &kigpthedo wi h
is visidbl®.ddpigcts that the perimeter of the
penetrated -bpsedei Wibiwetveat et here was still a
GO flakes that had reached the core of the v
the pores was compromi sed -aastt hael dirhiond .0 Mdf tod
of this section of mheh smarfd ohdmodeeéreesfruswvade
GQustwh t hin tAhéeé hoogh, some white streaks are
suggest there are some internal regions that

t he wohmaseed suspension of GO fl akes.

MH P



Fi gudrleOi | mages of 25 wt. % al uim fnial tsrcaatfed d | vdist h
wt . %GO M s pentseifan).whol e Ric@Maf slcda.f f ol d wi t h t

region of materi al has been removed. Scale b

Comparing the visuadt ihomod enedift Yo B sS@ofd 25 Al
258 0. 2566Q@m GO deposition throughout the hos
when utidubsidhgi 6€60di fference in the extent of
di fference i hm fcloankpea rseidz ebsw e(B8a g eus pained BWom

respectively), combined with the increase in
this investigation 1illustrates I's kaédat os ma
per meation i nto tchas tp osrceasf foofl dfsr ezened f r om
suspensions. Due to the timke9coinstwas nnst i pne

sinter speciOmehn LALHGIQmTHAFref ore, the foll owing

the sintering of materials infibkdppated with



4. €onsol iadfat iad GO nphroer ms t hr ot

Spark Pl asma Sintering

This section outlines t R&O ssipnetceirmenngs rtehsautl tcso
produced u n bsrhoakpeend dsipsecci mens, al ongsi de S0
monolithic alumina sintered with the same ¢

composi te spedoeirme @0st00. 22855G Q@ 5tAhlat was sdppifiel t r a
i.e., the suspension which contained smaller
composite materi al are compared alongside m

received powder with the same sintering cond

4. 4SS Intering arad udmeCaintayt eorfi al s

After freezingnantdtdayedgaGOmina scaffol ds,
in this processing route that has been il 1l u
SPS with two primary objectives in mind: i)
apptati on of pressure t-coasbnsgliddtrechhr geec«
preserving the internal |l ayered structure, a
create r GO, f o rlmi kneg ngar t aepr hi eanl e t hroughout

mi crostibcsusentering techniqgue also has the

the consolidati éomsteidmenadferalalsi, navhi ch i s co
during conventional sintering to obtain hig
powder 2% t2rf)°*°st, 30 mm greeiGObodigeus retd al amk
inside graphitic moulds for SPS consolidatio

composite was removed before fittidasgeopll ieddr
moul ds. Thi s poomeevhs®|Owa U meng, but necessary
potenti al defective regions arsoiuntde rtihneg .s i Tdhees
was performed carefully as to not disrupt or

Col d pressi nagndo fbotthteont)opdi(e f ol |l owed its 1ins

MHT



contain the eRt 4rlel sdpeencoinnsetnr.sstteasn dh ;mvg -G Qad et mi n
materials were (carefully) inserted into gr

Sintering.

A

Fi gudrleli Phot ographs-GOf mat emi abh prior to the
Leftyseéanding scaffold after the freezing
infiltration. Kiaglhéti)bar ng tLBe mmomposite ent.i
graphite trnhoeu | SIPS oprr ocedur e.

Chapter 3 (Section 3.2.1.1) i nvol ved obt ai
consistently generate unbroken, 30 mm speci
fully dense (<99 % T.D). This was after ider

agecei wd umi na pavedditgewlpirled i mi rcarnyd i dAisPasT | n C
remi nder these were a sintering ftetM@Paratur e
heating rate?ofa 1In0adt ukA@ri ncool ing step, and &
Opti mal -GO ammi ens2.0¢: D5 XI5 GO) were subject to the
t hat produced unbr ok e®p eacnidmewhtewestee ad usi naer
temperature of 1300 AC, a pressur®& fodl I500wevP a
by a cooling #atenodf a50dwedni nti me of 5 minute
gathered after sintering a composite speci me
alumina sintered with the samedcld@ndiltliuosntsr.at-

change i n the dsesnstihfaitc actoinoome npcreosc ee n monol i t hi

MHY



o,

with consolidation of the composite init

approxi malCely 850

Fi
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MPa, ACsvi'meating/ cooling rates, 5 min dwell

Co

al

w h

of

t h
sp

nsolidation in both materials up to the dw
sign that the combesree¢ei may pensesy &l ose
umina (99.2 % T. D). The curvature of the
ich may provide some evidence towards gre
ntering parameters: BomeXXpéahmhaghen tcobet thak
t he driakpphemaet eri al throughout the al umina

ansformation ?2f%lims GWo ulod rpGrGavi de more ef f e

e ceramic

eci mens) .

mat er i ad g n dwhd tcihv e ed ii retse roinn gn o(ni n
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The compositef6s microstreatmeert wandér wéteun
at mosphere, is expected to contain rGO |ike
GO materials °YBY¥Twghde$SR3I.mine the -bhmsedt 0
materi al, . e. r GO, t hat was incorporated
i nvestigation through TGA was conducted af

eventually |l ead to calculG®Otcppbble l1B8edept gtaes

that after increasing thbasethpeomposet ésnl al
smal | portion of their mass.

100
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99.2 +
=SS
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Fi guwrles&iPl ot of TGA curves to det epOniOne25@&0 bot

composites.

An average | oss of d@dpr7oxodrmattigel yt o0t.a8l wie i% ht
With this value, the s@mpl @5GE0f it €d beo saw
Aal udi. Ba GOO during t he remai nder of t his |
associ at edc owmbtulstt be-ref actadbacwont ent, pri mar.i
temperature ir@amnQ eA*OAFt4bdDugh, mass | oss begin

MO N



t o remai ni- @ ntoaxi yng enng f4¢n°ditnitddal at yt)emper at L
approxi mately 700 AC which is cbopes.tahhtatwi t
performed a si%iTlhaer epricceadusrlei.ght drop ar oun
measurements taken for Speci men 2, but it i
combustion of fatty acid compounds -fakber (

mat et4fale,. , in this instance, human cont ami né

After estimating the carbon co#t 8mtGO tcloai|l e ll

approximated to compare against monol i thic
contain an average of 0.8 wt. % r GO, t he Vv
calcul atetddtbat utcol i sed to evaluate their d
(which is based on isotropic composite mater

composite materials was 3defThirmi hed| bwebet Bact
alumina (aBaldheadawvn dome to the addition of a f
density. However, the relative density of tF
(99.5 % T.D),0wdrt®O adam@msai tes averaging a
This increase in densityetisawdhlos @l seers kint ew ard
rGO mat'éf¥imitser more, eworakpreysehheuw si mil ar ve

theoretical density) for 1banste d% naddtde rtiiaolns .o f

TabWéeaiDensities of al w BOn anaded i al emismatered
1300 AC. The theoretical density is provided

Materi ¢ Densigcymd Rel ative (%

Al umi n 3.9%. WO 99. 2

Al umd nar 3. 938B. X5 99. 5




4. 4Mi2crostructural ewv@O0O uadmmpamns iotf e ¢

As mentioned previ ousltsyhaipre dS escpteica medw.s1 ,Boatsheed
alumina suspensions were similar i n wei ght
respectively) to those sintered fromFtilge raw

4. 14 il lustrate theodbtaéaidmd do@@ivcarroisotursu clteunrget h

Fi gurledi SEM i noafg etshe mi cra sitmiOneBtruGG aotf vari ous
scahbh¥¥s8x magni t&tat ban b32 010 xmmmagn Scfalceath aorn =
200m.€c)5000x magnshilieabamn= 10

Upon close inspection, the dispersion of r GC
the PD axis of the sintered materi al whi ch
continuo#dg krei maareri al. Although, the fl akes

but hemat st ac-kosr onfu-lfegyywkr e r GO which is visible

the compositeds microstructure. Wi th the aid

MOH



realise that the ceramic wall$i&eemaepain atl ed
SPS, the applied pressure has coim)apsned tthhe I
channels that coht &kienreheafgrapmenéeé. The wall
are betweram, Owibt h an averagm: tprnickmets®e ifnt2e
| amel | ae wtalmipc t@mssn 25 wt. % scaffolds. The a
size was eval uatiend ftoo B@.uBmiv@CeNOe.ads t he aver a
monbhic alumina is sliloht!| yEilg5ar de mo r(slt. r0at et
di fference in the size of alumina grains thes

compared to its monolithic counterpart.
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H Alumina ®Alumina-0.8rGO

Fi gu4.2e57" Measugrain sizes from the miagedtr u-l

materials sintered at 1300 AC via Spark Pl as

Measured grains within the compositeém,mater.

compared to the hmgfhoerr nvoanloulei tohfi c3.al umi na. TF
sizes between monolithic and reinforced al ul
GO imtlkesegrain growth within the ceramic mat

changes can be assocliiakee dr eéion ftdhrec egmeanpth ewhei ¢ h

growth in the ceramic grains by cr esaetcitnigo rs.ev



Thus, the number of nearest neighbouring gr e
growth has been note@i nhoobotéedrcegramhesesint
sintering 'SquritpPmeeéit®obtained mi crostructure
similaritiesFlt® ddmep adiutm nfaabr attlmate dwdy iSlulnu
in Chapter 1,!'3Fdet mircrbs4r2ic2urercemsiest édye
of expanded graphite (5 vol. %) sandwiched c¢
as those obserOv.e8dr GOI A&@h)lbmi Alat hough, they pr
materi al i-lni kae rneavnenresre, i ntercalating an expa
' iquid ceramic precursaor and an organic <co
al umd n&r GO is also a cl-oeenfmammidich t mlounph@s irtC
procesZeduby Qi u, Waayg.,&Bmay Fiamtgriodd uwte.d% 1o f

reinforcindgr omagmirlblailig GO and al umina powdert
l ubricant, however t heir alignment of r GO
homogeneous when compar ed-0t. 8rtGitOe HD ea xiognpafr i
t he referenced l i tertatute i denpansgirkalte ttda
mi crostructur-based cadnupnosniat e sl iwiet hr eg md ph erec

t hrough tbhaisse dwateenrvi ronmentally friendly pro



Characterisation through Raman spectroescopy
reinforced materials to compare to their mon

obtained f roG® alounpiorsa t e s4.1s6h opwons siens skeisg .s o me e

that il lustrate a -thkheageetofohetmeapmenteeri h
sintering. Although, the |l ow intensity of t|
di fference in | aser spot nseiszse owh ernG @ oi mnpcal ruesdi ¢

| ayerrs , mu-l aypkre aggl omerates) within the mate
| arger than these reinforcements, -rtehsealevfeod e

spectrum unl ey smariengt immd hods such as Raman

=)

«

S D hy dzLaLat &

‘"

[

E It dzYith N,
1000 1200 1400 1600 1800 2000

Wavenumber (cm)

Fi gurle6i Raman spefctal-0mBn&O material sintered

GQuppfi®xF compari son.

Neverthel ess, some information can be extr ac
has bBshuéted slightly Hf,ronmllast96ngt o ol 5:81de ccno n \
a mor e glriakpehictaonep o thnydb rwii kRS adththdind was i1 1l ustr

Sectiowhéthel spectrumsofmparmr emh ptetoeeTer e i s | i
change to the D/ G ratio of tth.e8m@0d n(f.rc8& neonmg
to 0.94). Al s o, a small shoul der Hassoanpepear
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searchers point out that this is related t
tained some of its oxygen ?¢oAest wakt eealh
rough Gaussian curvel550+ticnmgi tbhettwees nsilgprad
bell edspasakt hd8hbs could be alssyer agtealc kK 0 dfl

ticed in previous SEM i mages.

e diffraction plaiTerrsnn & holwonseée nm&tgh to tha
cept for the broad region relating to the
though, there is no clear evidence of the
S expected to beprtwetemel2ae sii g a@8s f ound i n
udies involving %1°Re’ piRbsiubtoad péak G@oul d
th one of the alumina peaks, situated at ¢
at rGO has no major effectUahumheacmygstiax]
gnal at a value of 2@®.mB8glriegnabInes , amo/war tu ad fe

nNtainingoggeasdsi@®s) (within ChapterTh3 s( Seagt i o

have for med-tfernroppnreraathuirgech reacti on between the

gr

aphleinkeei nf oracnedmieorrt t he ggr.aphitic toolin
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4. Pl scussi on

4. 5CHaracterisation of GO batches

According to the evaluation o06GO®htylse cprc hmar
di fference between the-mmareufbadtcthr evra sa rt ch ec wsst:
size and their size distribution. The batch
exhibited a narrow distribada®oimon whfaltk toafk ¢ hsei :

custnnande suspension was TT&a@imbrdbhder canr bes d!

-

elated to the manufacturing process itseltf

o

f progsapmemeger i al Coll ege London wutfillaikseed ¢
size betwb@bm,300 it is |likely that the manu
small er Al akeughzethere i s one feature of th
durihnegharacteri satiiosn tohfe G Ghsiivehidgnioegbebr a.ld d e

assessment may be conducted through height m
measur ement s, which is illustrated in [|ite

gr aphleinkee material St°i247 4%t S>manner .

Further mor e, addi ti onal characterisation w

comprehensive evidenceG®w rwitthhe rgeugaalridtsy toof tthh

oxygen content and the functional groups th
both GOs were very similar, but the chaxtbh 0o of
and could relate to | ess disorder in 1 ts s
functionalisation. |t could also be argued

GQustbns slsihgahrifleirs may confirm a more order e
variation in its oxygen moieties, which is t
Further data should be acquired by using XP:¢
the two GO batchesenndntiagermfnexybenpin eac

provi de further anal ysis ?2bn?223sR%dhuletxa reendus b
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guantitative evidence of the wvarious functi c
the binding eoebdyad® the C

4. 5L 2filtration process and exten
't was reali sé#asteldat ntfhd twaaddromatodr falee® zean
rout e t o create structur al ordering of tw

demonstrated taosrsitshtee dv aicnufunm trati o-oast PpPpopomu.
|l owl isd | oadings (22.5, 25 wt. %),cakthoagglkout
be performed on scaffolds cast from moderate

the effectiveness of the secondary material 6

ist size. This strategy could also be a possi
materi al (metal s, other ceramics) into the
based composites. I f dispersibility is an 1is

would need to be removed prior to sintering.
based on the pore diameter created during ca
infiltrate, i.e., the flake size ofcafOof,olbek.i n
The viscosity @Qilpp@B:@ 5 G@¥na Poi GO, whi ch may h

influenced tolie sueslpawniso wms diunrsiindge tiphwerialueswept ak

custmande batch contained | arger fl akes and e
found that scaffolds infiltrated with | arger
core) that did not visually show amrywc@®GOIidepc
col our, where regions where still -bmhawre as

appearance.

Al t hough, a different problem may have pl aye
| arfglea k ewlsii zttehggost ent i al bl ockage of pores. 1In
the internal pores of 25 wt . %eap purno xniamastceal fyf ¢

im, and whentoompardidstributicapnic@ABOm)ake $isze
easy to see that a probl emzmayg edtelcd nivnfitityl tod & |

MO



process. Once amfiraaehabosesmdl |, tubul ar ct
orced through (under recued pressure), It
further deposition of solid material along t
inhet work such as the infiltration of suspe
col ufitasn,d t he permeability of sand 2hd?2%r avel
After sintering matewmpads waflsi shoaned hatt h h6
di spersion is good throughout t hed.(8raoaQg hlbyu)t
after a thorough study of sever al regions
observed which do not vi enitlhliys paasesae o amay errq
the microstructure is on a Jlnmemwhtitchsadal @ |dfusa
Fi d¢.18. This is a similar finding, dlet hougt
preliminary stud 1X)s hwhwinch ni rSeedtiiognat ed t he
concentrations of GO. I n turn this may ad\
composite, but this does i mpose the idea of

scaffolds remain wundelrt rvaatciuounm pdruorc ensgs t(hfer oimm:

mi n

may

utes). This could allow solid materi al t

not have encountered the GO suspensi on.



Fi gurle8i SEM i mages of two s-8c8r G@scompasi akbum
at 1300 AC, 50" hwPaat/do 0540i nAgC nriant e s | e f5a )nti ynp i dcwael | |
homogenous region RifgHttndomomgeoxi tegs.of t he a
reobontement within the Scalree bodairmst h=e 50 eci men

4. 5evi dence for H@OGedncoempamidces

The characterisation that was conducted prov

of rGO into the alumina matri x, or its exte
obtained Raman spectrum possessed a very | ow
wamuch | arger than the size of the rGOG inclu

PD pl ane, therefore it wesobvéti specttomobhn

ti monsuming methods such as Raman mapping a

hi gher yi mtoaudn ddi thave produced a more reliable
evaluated. However, this would not have asse
through SPS. XPS could be wutilised to dete

(mentioned pibeV) oastdypraoavide a C/ O ratio, w
previous woetk/swhtsy udaed the ther mal transfor.
number of charact’elrn saddiomi onet htodles . XRD patte
any conclusive evidencei mnal-inas edron@amp @i toef
although, this is a similar result to the
alumgmaphene material s-a¢ésiatededi wtehindgetd

MM



Ri v&Amo “»ueez aédnd eZh&aBoth of their results 1ind
structure is not affecteldi bg maceprabencleent

formed in their 2¢% % action patterns.



4. 6oncluding remarKks

Il n summary, the infiltratiowaoidapeod ouss @e i
of GO, and the subseque+GtO eonsdliiedattioomemnfera
rGO composites were shown. Prior to their usc
oxi des were characterised withi gthrei bnatiinor i d ff
Ssizes; t-madeu&ODo muwsapse nfsaironbr oader than the b,
by an internatiimnavesage)/ i eomp2lEhle tionf8i | tr a
porous,cdgteeaxleumi na was shown t o tbee rae ipnrfoonricsel
alumina with a homogeneous dispersion of G
infiltration of smaller GO fl akes creates a
porous host mat e+siedlecdu e et omatthueg esiod e ttlhies pr oc

novel strategy is far fr dmrdgxgramr isreedn taantdi omp.u

After consolidati-oni e6BHMdhw&@®S5f ohbhndhtyg be di.

i n a +d i1 Bekeonf ashion t hrsoagthiooun afhec ampocsssi t e

however, | arge regions of microstructure wer
after infiltration with suspémugmi omas safaf® o0 2=
from suspensions of 25 wt. % solid | oading ir

GO were found to cro®Q@ aafnt €r. 8s iwtt. &4 ionfg . Regi
solelygy afFumihna matrix were also found after
of GO, but they were smaller by a factor of
size was also determined when compared to a
Sshowedt hhaaddi ti on of rGO did not affect the
hand, more conclusive evidence is required

extent of ther mal reduction of GO (through S



ChaptMeachbhani c al and f

proper al eshaomshed mat er

This Chapter illustrates the measurements of
al umbaswsed materials that were described in t1l
potenti al applications. Two material s-were t

0. 8r GO that pocrsiesGRMd Botglhl tyhese materials w
f uldlewmse materials (<99 % T. D) when sintered
AC, 50 MPa applied pressure, Lheand nag/dcweollli ntg
5 mutes. The obtained values are also compar
whi ch prad duumiGdRd omposites. Ultimately, the ai
identify the mechanical and physGRMihatit nWwasen
di stributed in a specific fashsbapedthampltad
were ground and cutbrtddhmppeducpescgqumame t hat &
in bilthe orientation of the testiitrog cpracea dd/ur

meltani cal,4pesnhing |l exure testseweéirenear baed

Vickers indentations wér @ lacdimeeartweadr dasl ong t he
aSOKI yAOl f ., 9tsoin ¢ KSNY
6Ct SEdNI f AUNBYIIKPH2 yRdz0 02y R dz0
+A01SNAR KI D A
t 5 g '/ ,/'
5 :?,‘f‘ M:_—{,
t/_'”,«::;E;f = 7T =
74 /\-/‘:;
C5 v
Figulilllustratipeoi oggmatdluec edli sbamed, sinter
materials to-anddol@epesdusageadi mechani cal and

testing



5. Mechani cal properties

Three mechanical properties were investigate
fl exural strength, and fracture toughness. H
|l oadings to probe both the bulk hardness and
filler materi-@l 8 wGOhi mhal émaoaure toughness
th&l F met hod, then the possibility of extr
investigated through SEM (proyioded ifhexhme ed
were daout eoshapad speci mens to provide an ir
of hioghleynwted r GO. Il n all testing scenarios
SPS with the samédCcom@i VMEamidih®2@MLBOG/ cool ing r
mi nute dwell) is used as a comparison.

5. 1Vilckers hardness

|l ndentation tests were carriedbaduyt odl smee cti hhe
to determine both the bulk hardness and micr
pl ane was also performed to evaluate the nat
t he al umi na matr i X on 5 h2ea nain2db o hda rsdorl easys . o pk
mi croscopy i mages of c¢cr os sf osrecnmao noonlsi tohfi cp oalli us
al umd n&rveloi,Fis®.2c 5a2d show Vickers indentatio
2 kg | aaed.welrlree no maj or defects detected al ol
mi nor scratches that are predominantly visi
monolithic alumina shows a homogeneous sur f a
i's noticealiloer(fgrham ladfotng t he FD axis of t he

Mnp



Fi gu.2ei Opti cal mi crog-PBpips ant thhaesakKDmanaer i a

polishedmfonash, and Vickers indentada)ions ¢
monol ithi.d)all wmdim@ar Ghonol ithic alumind after
al umiOn 8raG@Q@ er i ndemrctadtei domr s = 50

Figbr3® illustrates the microhardnessit@l ues

kg. Following the methods for det2f®&eat ingn he

2.3.3), monolithic alumina r eAfcthers rmeihmfrdmesnr
a |low proportion (<1 wt. %) of r GO, hardness
relatively smal.l (a 5% reduction), demonstr e
a high measure of hardness. Atul ki ghhaerrd nlesad
measured, which was found to be | ower in bot
GPa respectively (at 10 kg l oading). Thi s i
obtained hardness values in theseetdwdt omatset ih
indentation size effect and i s 26®%tHmonly seen



=25
a
e
n 23
3
5 B i Ll R
5 21 3
S S S b
O s TTTe==a_
£ 19 L
&) \“\\
G) -
ijl? ~»
>
15 T T T T T 1
0 2 4 6 8 10

Indentation load (kg)

e Alumina e Alumina-0.8rGO

Fi guwr3ga Cal cul ated hardness val uelsasdd vmat eruisa
sintered at 1300 AGeab0OnpPapob0dnhACmianes, 5 n

A separate study was performed at the | owest
the dispersion of r GO wBbB dandfS&impelnatn eal oonfg |
compositbhed4d Flbustrates the two planes and ¢
suggest any inhomogeneity as the | ayered re
along both di5recsiuppertsi ghis claim as the
measured along both planes displays there we
bet ween -PthbheanHI3 Pl anes. Furthermore, i ndent af
t hr ougheitnhfeorocfe npegeotvi de simil ar results to th
on areas that appearieadl tthoo ulgen , f rreGed arfayt Hem |

sur face.



Fi gurdeg SEM i mages -@O.f8raG@mmnraoss two different
the homogeneity i1 nLefG@PDepInRhiiogehetBhte.ntScal e bar
= 5mMm.1
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Fi gurbeé Mi crohardness w+@al &arrGOofatal W.md nkag | oad)
di fferent orientations, represeweéeéemgoreghoos

vi si ble areas of r GO
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5. 1FR2exural strength

The flexur al stbheasagd hmat erailaulms nwas -povesti g
bending tests wusing the mgtSheacdi @xPhias nwds i n
conduchedombination with microscopy studies
hi gbtyented rGO | ayers within 6thedicompadys t &
calcul ated results for meOn. o8l riGQn,i ci nad iucnaitnian ga

composite specimens wer-poi20t %f séxonger durin

TabbeiFl exural strengt-bagelduesteor adlsumimaer

50 MPa, 3PedCimhg/ cooling rates, 5 min dwell

Material Fl exur al cStandaervdi at
( MPa) ( MPa)
Al umi na 262 N 35
Al umiOn.a8r G 314 N 32

The SEM images of frhéshawet Bermiacessi nu€tgr e

and -r&0Onforced &abau mihmab (Fegpecti vely) specin

di fference in their fracture surfaces is vi
surface is smooth and homogeneo.s8r GuhidIlsdartl
show a | ayered mi crostructtuerree awherie ear e amshi
extending across the FD axis, appear to have

Fi §6c &anédd demonst-take @mospre@l ogy ofH the mi
composite, arising from fractane ¢ghaphkeehe t h
components. The presence of slightly aggl ome

in the microst rOuc8truGQ, oef. gal,umimm@ihh.e mi ddl e o

Mn d



Fi gu6i SEM i mages o% Tt.hDe f<r9%9% t ure surfaces
di fferences i n tak@enomori ¢ rho &)ad luodhunBasS®n d
d)step ke morphol é0gyw rdfO alfumirnd ai limre. Scal e

MpP N
































































































