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Abstract

This theisda si nvestigate the cold si ndcemdintgo oonfs L L
battery adgmlitchaitsi otnftsesi s, rLeddZupcaewaasclime | s ede tand

packing during p.r elshseverees iavpepd ilcLaztQ opnowder 6s Ssi ze
anal ysedmapmawietdh t he mi-tlrl eeadt ech dp dhhvecher s. Mi Il |l i ng r e
particle size (D50) from 127 Om to between 2.3
powder exhibited 2anfdeCrQnatviisn bdfee LRaman spectr
were subsequently removedempobhddy@atatttre dtumenmt t oT
reintegtiatf oano mphees idfe;i€tnon t he partiocfersmutbtlOe

The pr oped. bsahal sZs0:1f( LLLIZcOD)Isd nt er ed wusi nganwhtfear, mi5dv

acid owempealv efdor e and after heat treatment. cold
conditions using water and f oir ensflc 908 1dd .re3sxull & e d
S/ cmespect iWhelrye as, cold sintering wutilising 5M

ionic conduct i®™8i/tcime & oaufnd2, wh4hli®elrat ULZO col d si
no-aqueous solvents such as @irmdthhey la gfuceromal dceoH wdka
pl heat memavai ch adhhigeewendd uct i xilf0$/ecsm od neS/3cxni, 0

respectively. The mai n diRmescihdaen iocfa | $iinhsgk esSosl illniitt@ylr
LLZDue tmoithteemsi ti vity of the LiCl s aslitnt ewheidc h

pell eLi @Akemoved upon heat treatment of the pell

Li CoCO) cosssdinteoedevel op an asnonderl aay edri ltaogy edo wi
Tocodsd nt eerC@rheec hi meveehani cal i nt ewgea reany Jeaywpas o pt i on
mi xtoubkr e Wil O &0 t WiCpP owdlerCO&@)y uhAcehd .e ad emmgsoift y

80. 2S®Wcolnyd formic acid is util areldataiswyeaf dc&d svieth.t ,
This is fomwew eofammlees of cold sintering of LCO in

only slightly | ower than tIii87.dRP)conventionally

Attempts to conventionagdty bsatfif ed ®d A030ZfAdi 4 G db id uae
to ther mal shrinkage and mel ti ragL ©@®8 G/hlkli ZA&Wer r e s
was successfully achieved wutilising cold sinter
revealhed LCO80/ LLZO i ntwerbfbancdebddar bédegf head treatn
prockagleegbno separate due t o ismpteecrtfraacticaolp ysetvreeaslse.o
the formatizsehtbfnLaleOLLZO | ayer after the heat
noted within the LCO8O0 | ayera Dblwf fmern wdeyer tLdf®© 3 &
and wkd LLZO (LCO30) was inserted between the LLZ

i A age



in no delamination between |l eéiutshermatohgt hectl warin

stresses across the interfaces.

Overall, cofLd@scanebeng viablemméthodyeo 6HSabuoct
battery applti caetqguomes furthpropesetiaeshamnd depsiol

it a mométerabhltéeve to currently used processes.
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Chapter 1 I ntroduction

The rapidly increasing demand forhamecgysisttatrad
advancements i n ener[dly Tshtiosr angeee ds oilsut metnst hr ough
batteries, which are now widely used in devel ope
phones, | aptops, and hy2blr,i d/3fJlulilfi 4eiie@hir]i Ltatvtedi icé
in particular, exhibit high energy efficiency ar
renewabl e [ §puCQocnessequent | vy, t hey pl ay a signifi
emi ssions, making them a focal point of research
However, <comRivoenntbiaotntaelr ileis have notable safety co
of i g[n7d]t,i o[n8i]s i ssue arises from the formation o

short circuits within the bateeapordfhiebirgeusiud t i r
electrolyte, which i 571l aThaadd der easnsd tchaens @ gsnd fteet y
is being directed towasrodlsitdhthe batveéoipement hatf ati

el ectrolytes,[9bugch[,a6ngda NBAEFLSE DNS[ 1 3]

Lithium Lanthanum Zirconate (LLZO) is a garnet material known for its high ionic conductivity
(10*to 102 S/cm), chemical and thermal stability, energy density, structural integrity, and
safety [ 1.4Hpwever, it has drawbacks, including air sensitivity, which leads to Li.COz and
LiOH formation on its surface [ 1 5] , [ 1 6,]which[cduse$ a reductidh Jin the ionic
conductivity of the LLZO [ 1.9$ a result, working with LLZO under ambient air conditions is

challenging, so few attempts are focused on sintering under ambient air conditions.

LLZO has been densified utilising different methods, such as conventional sintering[ 20] , [ 2 1] ,
[ 2 8pprk plasma sintering [ 2 3] , [ 2 43nd colg &irBeling [27],328]] [29], [30]. Cold

sintering greatly reduces the energy costs for the sintering of ceramic materials [ 3.1Cpld

sintering of LLZO in the literature involves using various aqueous solvents, such as water[ 3,2 ]

LIOH [ 3,2nid nitric acid [ 3 wHich impacts Li*/H* exchange similarly to air exposure. Only
dimethylformamide (DMF) would not follow this pattern as a non-aqueous solvent [ 9Although

DMF under vacuum provides the best cold-sintered properties, it poses health risks and

requires a glovebox. Consequently, aqueous solvents have been chosen for cold sintering

LLZO under ambient air conditions for this project.

The existing |iteraturei totmemncsorl tdhtesnospé@eir ng acecbbntlL
[ 30], [85] do¢Sb6hawhesiperci the at mospghlRearne i[[L29¢ontl
However, resear ch ofntlgw®t € shetemtmge process
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presenc,e sofscairce. Our main objective is to dete
sintering under ambient air condi it mpemdgt miol |a cnhgi,
solvent LhRhpresenkie, and heat treatment of the poc¢
propertiesd nofer edl geceolmpeat st.theWee results with conv

pell ets and existing |literature.
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Chapter 2 Revieewture
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1 Batteri es

atteries are a technology devedmpeds a,garee snelamn
onstantly being hdeéegeée hgpfdgromdbedbt e el ectronics st
nd | alp2lopwfr&ducti on ,time podeVelomwmment[ 30]f, egl48ct r[ibc

attery cell is typicalmdnodeodcdpanedl ettaolkcat &odM
atteries wutilised in the current era for port a
aintehaBtreapi d[ 8®dirgchi eghergy density [25], and |
25] . However, Li ion batteried 3WdVeakmshlmes wi't
ossibility of explosions. This,wihd cthue atho itgme t @

esult of t hlegamhilng uthncawsdayd @ty [cd4bhkserng2jsjot[i Ada] |
tate battebdgsn (tASSIBes)devel oped 390 reduce safet

s a result, ffumrctda omatptreompyrt g, sever al propert.
omponernktxsampl es of t heenseedgoyr iptey,t i celse milsctaalh ianid yt h
hich i mpact the f unctthmanaleirtyy and efficiency

her mal and chemical stability are important f ac
e insaasel batter-yp aanheatubuasda result of Jo
ndu¢tdidkmt her mi d 4b5elaactdi paer interfacial contact

> O O»

d el e[c4bncdesrrasi ng temperatures within the batte
hrough decomposiafloec tormd ltyhtteeshac el ec[t4rboldd i mati esr |
mportant atso innoctreeasing temperatures could poten
ccur, further increasing ther ralatemegr,gywhwicthhicmnr
n the occurrence| %] Tthhniesr ntaaln rpuontaewnatyi al I 'y r each
000 Aeéelwctmatgteal LiblGel PRPIL AGP which is suffi
auker deeomposition reactions bet wWd&hFed eecxamgdlyd
AGP can react wWCtholLEBd)mAlain®0 &t’C 7f0c0r sever al o]
athodes such apb48B8MC amndrdsCldt, the devel opment

s required to reduce or mitigate damage that v

atteries. Met hods of doing this are through t
onductivityZPpdwgh tdoe devel opment of architect
onduction and dissipation, such as the mixing

l ectrol ytaso( BdEpoi gmer Ep#éFktrolyte (SPE)
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Another i mportant property of a battery is its
energy that can be stored par cunmici adbf pmaperoy, ve
the volume of inactive material, whicihmpmotiumgeg c
battery por tSa8Si,lsi tiys achi eved through the reduc

electrolyte | ayer, which isnotthesepbeNbobobdafpr

this, but the reduction in | ayer t hasxckaaleeswn ail 50
Equatilwbere R isqntesistiameel gydedi st htilcek niesrsi  cond
(S/ ¢cm), andmMAAsS sa arresaul(t, thinner electrolytes n
bat thaurty al soi omcreaseport through the cell, i mpr
performManseis illustrated by a cel | (@iianhd htahde a n

cathode composite content of 15 wt %, whi'th resu
whereas reducing the elOnctiotytasthgckhessathbhod:
wt %, and increasing the HnMeX|gya dreaslltty,stodhii3id 01 aA

el ectmat gtieal are desirable for use in a battery
0 ,

v _ Equatli
HZO

2.1.1 Cathodes

The cathode of a batterwhischtihe pespomnviebled efcd
Lithium into its struyctsuraenddgreilregasti mg dihescleari ga
chargind 5@iaBdgr51tlhi s ,tbe happkeode is required to
conductive to atldlloow tihre an de cawto nosf ,whiiel es taluscd ulreei
ionically conductive to al Addi st onagkeyandheeimats
exhi bivtolhiingpeh expansion to minimize the Itihkeel i hoc
interface between thlebcaphodeb&sd veeloddt] ra dtenli a1 m
Il ron Phosphates(lai poRP@nti al mat er-iah battaeseesas.
Cof ree cat hode. This is becaus,@anidt tihe ermvygiun o rme mt

are more reald5.2]y availabl e
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2. 1. 1. 14(LLiFFPEOR O

2.1.1.1.1 Structure

Li FaP® a material whose orthohbombivevi ser iamul g E
space groupl Betmmiad ®fdé.3InThi s structure -$sBafiomgned
FeO©Octahedra along the BC plane whidteetalashceds laal
alongsi deodtwaohddrOs hown i[n5 3F]i,gulfrkedd2ct Ohfedmm
edgsehardmagi n t hrough t he -axa[t$eX]i,al Padjomg ,ddnlei tbhi a:
materi al conswehritle tsda iFdP @ et ai nfi :13] .t hJeb &]l @ xti rnaec tsi
and insertion of Lobhbyocantri @ankodcatiLofreRIDer e t he ¢
directly connected to the [ Bb.68Hulca ilnigt hmMaum iixo msn dt
t heaxhresulting in a mor pholaoxgiisc aaln dc hpaaragae]l $aBc]r otsos t

Figanlne FePDi ve structgrentpdr mi ssi on
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2.1.1.1.2 Electrical Properties

As a <cat hodenemaafert laéd prerequisites is to have
conductivity. While this is used as a commerci al
i's pOxd®[ 63]., ThBd]separ atdomtna lddyd ritdhee eFPPeOhe s u lat s

in a large reduction in the [el.6]clehlreé c tacdioonmdiauecd U wtni v

mechani seemasl ehepol ar on hwhpeprien gt hree cehlaencitsrnon t r an
Féto thehFeugh a doubl e e[x®t]aAn peo |l ma omarnissmn el e
that is not part of,atnhle aisdé¢ dale el esttalonst suatct i & e
forms aitcliosudknown ag 5a7z]3mal fFopmhairon of this po
a Lithium vacancy andi e¢mef drormlae¢ i mat efi al Fteo r e
[56], Tbiry polaron hole is required to overcome
t hed'®*md?wéhi ch is increased due to the diitshtiasnce b
matefb5@), TbBbirT$ i s otnHREamaos?sFiebrl eoridi t als are of t
[ 5.7]

Research into overcoming the | pohwaselreecsturlitceadl icno ns
possi ble methods being devised. The first of the
or addagitvleiss would create an alter[nbaft]e, pJahtihy f or
process is made evadiheérc hby atrtbed hedbdaendsnso a variet
carbon sources|[ B&NThbhee auwsdeedt i on of carbon <can [
conductivity by a orajdmi t sd@eoft haeveami ses from th
is that it caiuslkres @neregwcdénmaniday afr dshel tmadfert la
carbon not contributing to B8] endndhh,edddDitey,

addition of carbon requires balancing the ener

practical use.

The second method is through dopi®g] t hpRb8naiteus a
research into thewdopidgfbér dntFe®®pants showed
el ectroni c,ramnmd un@s8dndoenys ma g,miltondgesi de an i-ncr ease
ion diffusi®dB]tbefincrease in conductivity that
was questioned as some researchers believed that
the formation oduchnalucd aRHo3d] i,drmhS&& t hpb8] t he pr e

of the conductive coating, the use of doping w;
consideredntceadthr g co]Rtesearch conducteff6hy Wag:e
di scovered that the super valent dopanwhsi cshi t uat

causkelsockianget he | it hi um .Miiogrnaatiindmi matchhvaaygse neut f
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vacanci es wwh ielc ¢éitdor mend 02 ecgrmaltt heand otnhesn @ fedesr e mai n

the electronic conduwcdtlivity of the materi al

Like with the electrical condugitsi vliotw., Tthhies iiosnirc
the diffusion pathways obfLiwhhicbamt ihj 5.8 HdTahree hfitidrrssti
is along thewhOX®h] idi tdet iporferred direction due
requ(Or é&d eVWwWw miSBrlahe second pathway is situated
along the [101] directior, 8Rar&/ndPg acisprEBH vedIlyec
Due to the |l arge energy barriers and Lithium is

and so is considered to have[ 88LD Lithium conduc

2.1.1.2 Lithium cobalt oxide (LCO)

LCO is a |l ayered oxide maBerisplacegiwgeomaptrdme mBobDe
| ayers are sep,arsatsddfvng @ né.2 Ji Tohnnesl @Gy@r s are occupi
edgseharocntgahaeddawhen f utlHey lan ahMeaxatged a l unit cell
causes tthe HeCDo-meoi chi g@e®as ct he oxi Hatcdcwms of o Cc
compensate for chdmwgdgs in the charge

The degree of delithiation resultisC@Omerxammlges ir
after 50% of tthree Idttrhiautmuries dlesntges from its hex
[ 6Rausing microcracks to form Rp6.3haTHiess uilst a fr eed wel
Co®l ayers electrostaticadllayy errespedulei ntgo tthhee onehgeat
oxygen infédhConseguentl vy, t he dleecaterdsoshde nd &G |
mAh/ g to 14602 mefmahgng that the practical capacit
[ 6.3]
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Fi g@r eCrystal stwiuclmRspaodg brPaum ssi on granted.

Attempts to | imit the decomposh & veremadtehLrCoQu gaht h i
either the coating p65}1heCébivdeg ©Ohe dbPOmfgs a v
reducing the surface reacti dd] uyuspabb,.Fhandr ZabDs

[ 6.8Mhi | e these have demonstrated the ability to
charge voltages, they also |l ead to a decrease 1in
of electrochemically [ihMZA]ctive | ayers of materi al

The doping of thfeabL@€&®r wi ohi t'emadi id$tebldin @b 6 ]

Mrf*[ 6,]s these increase the distanceduUsddarwedeanr hby
variation dur i n[g6.5t] By dcelaitti migata notii Stho mi ndg7 Ovilt h I
demonstrated the i mprovement in both the initial

0f-4325V at ,pedC ettt HTL, whi ch also produced the g
doping inf®&5hek dredt4o8 ]eti ladlustrated thatesign e¢ater
areduction in thdroppaoptyrom bBEEProxi mately 150
14mMAh/ g at Mg=0. 08. This is a smal/l decrbeuats e i n
by 30 ,¢thel esapacities are tihtes sdaingereée dluhcetft dtme |l i ev e
content but‘cootwhiheh Cmay be oxidised during Li I
a smal|l decrcapuagitige t Mg doping caubmes ehedtamrgrei
conducgitnorigasi ngSf compg brxdXiOmadt9e |Sy/ ¢ m e x4p8e|r.i nTehneti sr
determined that the primary ¢ hhdarnpe pbhegen ccarst ar
dependant iiitreditay goei s@mi conductor [48]. This cond:!
related to the presewiceonaie O mge st iAartrehtdeprbiputss h e
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i Fi gwBr(eaAnot hsepect that altered due to the Mg c
dependascel] |l uBtga@t¢led. i n

0 -
- :%. 0+ LiMgo.05C00 6502
o —
2} :‘ o inair "-E AL By pb
— 4 e
2 o 8. O - °
A R @ ~.
o -4 in 1% O; o 2k .
g o > - ¢
- - L|C002 L
sF D inargon B ..
a
- 4 1 1 1 1
-8 i 1 1 1
h . . 0 2 4
1000/T (K™ 1000/T (KJ)

Fi gdreArrheni usunpglogitexD oefl e(caa)r oni ¢ conduomgadirn tviiali es
pressures and (K§dowrdo® eid,nr ampilri c atfeddlefrrMmamsi ons

granted

Mrf*dopi ng wds LfCOund t o enhance capacity retention
after 25 cycl es, the capacity retention was 63.
0.025, and 0. pPbB.9]Tteispeict iaverlegsul t of reduced dam
contraction of the LCO due t o tahse prnecwieocausseldy dd isstc
Similar to Mg, Mn doping also resulted,gion nag r edL
from 159.8[68] 37. 23

2.1.2 Electrolytes

2.1.2.1 Properties

The electrolyte is the central section of the b
bet ween the el ectrodes, whil e acting as a barrie
the electrolytes were | i quidqltsitdaeeleeec thraosl yht eeesn par i
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dangespesi ally in ,(laisqutilde eilrecrtaaoded esemper at
poration ornfliagmatien rwhHiydlesecan result7.2]n an
i d el,mant rtdley toetsher hand, are moreredetcheeal | y
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mi cal/ el ectrochemical stability, strong me C |
ctrode material,andelacw obdstfabTheahif @m ira@amiid c
rging and dischaeguhtpi ohet henpbaveeaent hef t he
e chparwWwheyr evaest ivheel ectronic conductivity is
an el ect fonkieclnefca rrroinesr t o t apkaet hant oalmaeirnntaatiinv e
trality. A high interfacial i mpedance woul d r
ucing the |l oss of | ,iatntdi uans aas rtehseu | gt tcearuys esy d
hium [d&3]dTrhiet etsi gh i nter flaced itmpedlacer anayt e
refedrueci ng the batStiemiy'ag llyi, f e hpamchemi cal and
the electrolyte would reduthbfedrhmeatrieadrnucdfi omn de

ondary phases.

mechani cal properties of the solid electrol
ctrol phgsdbahges that occur during babheery o
quent volume changes ,whiccuhr onvant hcianu steh ed eell aengit nr aot
mati on/ pa.®phlgiag ilooow el astic modulus (E) woul d
t he ,iast ¢ hfiscewvoul d give the electrolyte some
and andt hceornafroarcee reducing the cdpaciThysl|l wesl d

so reduce the number of cracks prrbdomedvhivbbr e

drites can f orimDemdr iptroguagrddaemdry deptolsdtt ed L
m on the anode and br,ahcbohtbapugbsaht 25pcar el
n without f ,olrimihn gu nd e nndmoibtidsi sati on can occur
electrode and electrolyte, an example of w
ctions brought about by the frequreengulltairmgg ivn

verisation7.®]f the anode

ngside the ,@ahashérc mopot uant mechanical pr ope

duei mpadthé@as on Li dendrite formation and |
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Monroe and Newman showed t hat the shear modul us
twice that 70fGHar.7 met al (3.

Like with iheuétbhdemnirdidle suppression is importa
short circuit to occur. TaraeoNo rrhfceeecotnadrd/c Newmderr ci
dendrite paopagsattu dyn by7 SGhhoewegd edpernaedfra gtabtriooung h Al

doped ,whZ©h has a shear modul us of ,ilwaxXs tshhaotw no f

t hathe dendrites preferenteivaentyuagt gw ciamseé ngr atnru
fractures to ocduwr8B8]Thishesebettevkegteo be due to
boundaries fowond&knms prevabed to the relfaf.9hve der
Therefore, the shear modulus of the grain boundze

l' ithium dendrite formation.

The electrolytes dbanve al svo dree guierced oc he mig dneel st al
el ect,,mddenrs | ithium being the most common baselii
voltage exceedst hehimatwirmnadaodow wi | | ungderfgoor mRE® O

i ntermedi ary phwhsiecsh ansi |ld radstuwelrt [t8B0gl battery prop

2.1.LA2.Z0 solid inorganic electrolytes (SIE)

SIEa common typetbhteheacdtemaldydtigeat earst i al 'y vi abl ¢
solsitcat e batteries.,tAsesa gemamals r hlaee high i
el ectrochemical windowastahi high, e{fBd]l maWBtiabubk
they have overaloétngoofd phepmpbpstepromi gkenel assiue
modul us. When Itiogilpp @dintowd e 1@ | i,k evasl Hi de sieH ty

fracturing and del amehatt oodae[t7idnth e rTHIbGe}e trrecsluyl ttes
reduction of the battery efficiency as this <cre

therefore increasing the i mpedance at the,intertf
which is promising because of its high ionic co
its struct (B8] resilience

2.1.2.2.1 Structure

The general formula of :BaXKMRetwheserhpre€ant ¥id, at
Fe, Ge; and X 13 TShie, mdes,t Alommonly researched gar
purposes has t heli &ep(cLaLlZ®@BYdFYABulaa result of the
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concentration, LLZO exhibits one of the highest
skeletal structure of-shhrésnmabet waknf ebeuAOS8 ddog
t heQoct ahd®dr5¢n

LLZO has two phases, the f,whsthissthestdefagbtha
temper,atnubreegi ns the phase transition to the cu
approxi maCgepBg] BhMeése two phases share theugame b
changes in the Lithium distribution at the sites
desirable structure due ,td nictre alsii fged r58méhc cond
1 84]1]While the conduction pat hway ktefa,meo tshh oppna s ens
Figurethe difference between the conductivity r
being partially occwpheedasnthkescubscapkatel |l ed
except thehilélk sastemhoRuingdfng.7]l't should be noted
can be found ©bnutt hree nlad en ssittheer e t emporarRby due
sitwBich are more ther h&FY Aa mitchal |tye nepteabalteur e o0
i ncreases, the Lithium sitesanbde gaitnt BtOo0 &si htiefst bcelgao s
connect anbdliftohrinunma nB gr p8ABnthat hwanper ature incr
and the LLZO dbecomes3Dubobnduction patfiwayhbecor
i mproving the conductivity whvéehrn chonmmasr epd etvaa |l teme

tetragon[a8.7]phase
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I‘ t-LLZO transformed t-LLZO
b d
x'=1-x @
Transform: {y’ =y+0.25
z'=2z-0.125

0 210, ] Octahedron
. [LaO,] Dodecahedron | :

0

8a, occ=l ——

— 24d, occ.<1
16¢, occ.=0 s

tetragonal
-——
) distortion N
19k aveenl 96h, occ.<1
32g,occ.=l/
t-LLZO c-LL.ZO
FigurkeLZO structure (a) Tetragonal, (b)e)transf
conduction pathway for tetragonal and cubi c, re

replicaf @@é¢if miogns iamn e d

As a result of the i mpadtt st hpato ptelret ilelLszZ O npehtahsoed sh af
betwedrer cubic and tetragomRalmaphayestanmstchmyporn sa
where there are cl| enhtedtirfd garealp baamsdsd wheleanst r at e d
FigbrTehi s illustrates that the tetragonal phase
i tcsubi ¢ courhtee rppeaarkh h itgae e rrgeygi om0 (Ydreel ated to t i
stretchingsoaxft ahlmehdZraO new peak ffasms hat TA5C oo e
increabBiwmas attributedofoTdoe tathreadsroombags i n t hi
region wer e adotcrtiabhuatdedda tthoe Bra st i t ut ed 8i8rt, o [t8ID4
In theer mene ageyy i 306 50 Y mhe peaks and bands ar e
vi brati okamedes o the bendi8MdThé thesecfahetha | o
within tihd st retgiiom the cubic phase, ofhdegeaereabe
Raman mbdem t he incr edsedadesynmpédcfAshasdesblbbiver
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symmedfr yt he tetragonal phase prodAasieni laargr efaft eat
noted in the | ow em®ewhgiyc hr eigsi oanthtér<i 8o0uét nesdmattoi on a |

mobile  ,cateisungs ing in a rée¢8Oted number of peaks

70 90 110 130 150
Raman Shift (1/om)

Intensity (a.u.)

tetragonal

""" 200 400 600 800 1000
Raman Shift (1/cm)

FigbmRaman spectra of LI0ZG diap ed dwiat K[ e818rl25 on al L
Per mi gsiamn ed

Anot her compl ementary approach to Raman spectr
tetragonal LLAZS® i bl XKiRkdDbrdddasbd t Bt ragonal phase ex
symmetry than it tcuXiRD paudnttempamtvei | s a mor e ¢
I'n the transition frehagetchidi cat i a@aé &dxt mpagtomma | |
el ongati o-axiod wlheed ned-atbhees r enaali nThe gu ani sotropi c
resul ts in the splitting of di ffraction peaks
interference (as dictated by Braggbs | aw) are a
peaks in the cubicl @ohpesakspduehtmd®s miurnatntielpes risat t
[ 3.7]
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Further mor e, techniques such as Rietveld refinen
patterns. By fitting the entire diffraction pr
researchers can estimate the relaat iLvleZ Q rionp oar tsiaom
This becomeformpbet apti mi sat i ofnorofusnea bserogyalgepr o

applications.

[
= =
E%

=
i
-

Intensity / a.u.

B a)
1 | | AI I |‘ il III | L PO N Y
L] - ) - 1] - 1 b 1] L 1 ' L = 1

10 20 30 40 50 60 70 80 90
20/°

Fi g6.X&kD pattern of LLZO aftea)fsnmul anédipatienr
0457)Aff (dé tetragnofmialde LELEMMci bZ® doped AdOsi h 0. 5 w
Alf ree c(dyciLlllzed, doped Miitnh-f A0le ® ovt @t Abhhdpped sampl
i n20Ad r ulcd .mage r epgrrogdu@ijetdh per mi ssi on.

2. 1. Ef2ect of dopants

Therimary issue is that the phase change occurs
i's undesiratheé mp dromp pwirdecrat i ons. Therefore, resear
ways to stabilise the cubic phase at room temper
dopants such ag 4Al ymiBaild rM(eM()@a)d 1Tant 411dh( TH)9 2]
which stabilise LLZO in the cubic phase.
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One of the more commonly wused dopants in LLZO i ¢
Rangasamy9dfovwdd that the optimal | evel of Li anf¢
cubi c i S 6.24 and 0. 24 mol es, respéacect iAlel yonsw
predominantl y sewittlhe timea ¢negsftl £ii & e ttlehdiddg [9.3 ]e
This means that thoer Aduceant Isé ilgihtthiyurhimohki | ity i
potentifa®4p.aihtsi si nesitiepe&d ZO having a | ower ioni
wh emo mp awietdh ot heas dolpdwarb sien
Tabl€able of Electronic Properties of LLZO Mater
Room t empe| Rel at
Materi al Fa Phasg lonic cond Densi|Ref er ¢
(S/ cm) ( %)
L4l aZ #O1 2 Tetr ag 2.3%10 98 [ 96]
L4 aZ $0: 2 Tetr ag 2x 10 [ 94]
L4iL aZ 01 » Tetr ad 5.77%10 95 [ 97]
L4 aZ $0: 2 Tetr ag 3.12%10 [ 98]
L4 aZ 5012 Tetr agd 1.3xesol 73 [ 99]
met hod)
L aZ $0: Tetr ag 5'_3)““”” 66 [ 99]
Nitrate m
LdiL aZ 012 Tetr ag 5.67%10 93 [ 100
Ld. Ad bs8Z $011. 98 Cubi 4x 10 98 [ 91]
Ld. Ad. b73Z 5012 Cubi 9.4%X10 85 [ 79]
Ld. Ad. b73Z 5012 Cubi 0.34%10 98 [ 79]
Ld Ad lsaZ 012 Cubi 2.11%10 - [ 101
Ld. Ad. bsaZ $01 2 Cubi L 81_4)((1'%03 89 [ 102
Cruci bl ¢
Ld. Ad. bsaZ 501 2 Cubi - 48_4)(_1130 96 [ 102
Cruci bl ¢
L 64Gao L2 8Z #01 2 Cubi 1.31%10 - [ 41]
Ld. 3. Lsa. $s6. Zs5012) Cu b 1.4%10 - [ 9]
Ld 5a.lsaZ1.Qiz Cubi 6. 45% 10 - [ 92]



LLZO has an electrochemical stability wime€low of
injection of both el a0BPMreraemd pddietri ve slealred
the value of this window i 2 .19dwdvrs0tliHsiann [bdel 4ndgl .a s
nees that at LLZO begadsihL®Oakn ch g: a@boowne il oL W i
would result in attohagde hins pheperwtiess that this
reason behind the high interf[ h@hael sruegsgiessttandc et.h a
value of 6V is for the intrinsic electrochemical
t he chemi ¢wmHi sh aibs Imdarye rel evant i n,gtheh caosn twixtth
the paper byl®Hahs et al

2.1.2mpa&t of air exposur e

One of the major challenges to working with LLZ
rapid formatiolsa€Q¢fl7Li OH1a8hd ThR2]reakcl05h mechani
LiICQf ormation were inv¢o9®Biygastudbdnelby i Xigatdade &a&aLZO i
exposing the LLZO to humid air. By wutilising Fol
they determin®dfohamedLdOHIi Hg the submersion in =
peak at '8bé&@9toma reaction between t*heexXdhieOnaead w
as shoBwuatdhiaomquat3di odpon exposure to air for one
di sappears and the intensities dfintheafe0 bodids
that th® LisOBoHsumedCQasf ol mMmuEdeatdicad]iThi s cr eat e

a core shell structure 0fiCQ he«&i dn2e¢at @etlrend nLeLdZ Q haantd
protonated | ayer was 25 Om by utilisind1R&aman
estimated this layer was 1.35 Om after 30 min su
000 @ g™ G g0 a00 Equat2i[ ®n

0 0"y "O0QE g™l gl w0 "Ql
0 Q0 OV O § QETCY Equat3i[ ®@n
cO QECY 060 © "™ oQ0 Equa t4i[ ®n

Cheng [€elt7 ¢avrleal ed that LLZO powders wi tchQdfatreggre gr
both short (24h) and | ong (6 months) term expo:
di fferent sintering medehfaindisemt whhriaihn rbecswn d asr ii ens
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I n contrast, t he small grains contain a greater
on the Li sites, there is | ess Li exposed to the
of Li OHC@[nA3]L i

Thi ¥ Hekchange greatly impacts the ionic conducti
Li ion charge carriers from the LLZO o6fatwhicehan
Il i mhe Li i o[n9 ]Jt,r a[nis7ido,utg gleb Pldett earlmi ne d*/ Héxad h d hgee L i

heavily impacts the grain?YobomurnadaBxi@ds ic$ht shrmode |
increased by three orders of magnitude, whereas

of magnit  *F¥em(t8o GXdMy1after 3W mianerinTh08 indic
t he/ eixchange primarily odcaaodulr%s] at the grain boun

Lu €gtlOatklsearched the impact of protonation on th

the ionic conductivity. They achieved thi-s by u:
based model |l i ngMOylnaéniktey (DIFFcovered that proton
transition3drteddit ae 1t hey settl e i n-4t3nde woacst aahl esdor
di scovered to form from tetragonal LLZ®T vweman age

at room temper dtlOr7d0rfeorfal Bd7eyteaatrnsi ned t hat due to
the tetrahedr al sites into 12a and b sites, wher
3x occupancy. Al ongside this, the H ion preferer

formHdsu@i ts by t[He 7yalchainscyunit provides thermal a

td owemper atuerclhpamhd&@dpl07]Anot her i mpact protonat
LLZO structure is that it causesofa tslhoef@hedr dohe
by a maximum of O0.15 i, resulting in the |l oss of
[ 107]

The protonation causes two main effects, whi ch i
first i s *tsheatt leess time tHhe octahedr al si'res, dewhi ch

t his cau'steos niohvee Ltio t he more [siCa®]Tlki $ egraatldy ai n
the activation ener*gni grreaduiome da ntdo tihreirteifamtree Liedu

as a mregdwicteieconi ¢ conductivity. *Omnsheé nother olta @

site cause the "'widggmmitngnofpatt heval s, therefore fe&
Overall, they conclude that the presence of pro
effects that i mpacflO0OéGpPhieonicoupodbeduwiitwhi the | o0s:

due to prot,ontrheisstshasgen the reduct ibwnt odr ovhied eisc
possible avenues to i mprove i o‘rmioc tdcheen duecttriachne dbrya
i nstkewdf i ndi ng thEeOBH egrhetf odroep,aniti mi ti sgdpsotahbhl ex

mai nt aihrei cgopnducti on properties of LLZO.
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2. 1. MeZhanical properties

Most of the paprcastmiengasedrch of the mechanica
were authored by the SaWlmimoeaorsdgtrfipoucpu soefd Mnaci hnilgya no
doped LLZOd dtsibhigactat pr p868Bhg [[M09%ne of,tthlegir p
researched the effect that rebAILiL\Ze nd ewnhsiicthy thhaesy
showed the relationship between,a/ndkiearsi dh acadmadwscs
with the relative|d®hBhity rods ¢ darec masrowead t hat t
of -LAIZO is inversely proportional to the relati
situated at thae&ndrtahesdopundas ydefl ect the cracks
greatestredolrcieng in a high&dR]Thiacsturend owghhed:s
toughness is seen in awbehertbeerefatheerdpapiety
and results in the fractumM®AaAMPuUdiOiess decreasing

Both the ionic conductivity and Vickers hardnes
where it pl ateads G#t&Z.9d Thal ueasdbn 9behind the in
hardness is the reduction of sample porosity wlt
relatively con3.i%t@m)tc hv athaukee §( 2i.t7 more | i kely for

contact with a pof &9On hti me tdtehesrampadred, anot her
showed a decrease in hardnespl1®0si s hiohmb2denShag r e
reason for this comes from the influence grain s
Ha-Petch relldttiOArcchirpdi ng to this relationship, t
hi gher hardness due to the grain boundari es r e
Thereflbeeincreasing grain size of t[hlelrOfJg 20Ot $ ni b f
reduced hardnessdgddskotatioormabil ity.
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Tab2Mechani cal opidoperdt iLAELsZO hmp=hot presse
Young' ¢ ] Fract ur
] Shear Modu Rel at i
Mat eri al FIl Hardness (H Modul us _ Toughne
(GPa) Density Pape
( GPA) ( MP al/)m
_ 8.5 N 0. 4 145.6 N
Ld b1aZ 1. Ad ©a> 93 0. 9%09. 05 [ 10]
dept h) (800nm d
Ld. Ad. b73Z 5012 4.7 N 0.2 135 85 2. 37 [ 79]
_ 8.+0 . 8
Ld. Ad. b73Z $O1 2 ) 135 85 2. 37 [ 79]
(nanoi ndern
Ld. Ad. b73Z $O1 2 9.1 (vic 140 98 0.97 [ ]
Ld. Ad. k7aZ $O1 2 9.1 (nanoi- 140 98 0.97 [
Ld. Ad. bsaZ 30120 p
9. &8. 49 960. 5 0.802 07| [110
11 0o
Ld. Ad. bsaZ 30120 p
8. 805 52 97 +07. 5 0. 601. 05| [ 110
1200
Ld. Ad. bsaZ 50120 p
7. ¥4 46 98+01. 5 0. 600. 06| [ 110
1250
Ld. Ad. bsaZ 50120 p
7. 402. 48 99+04. 5 0.+6. 04 [ 110
1300
Ld. Ad. bsdZ 012 154.5 61. 4 98. 9 [ 11]
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22Si ntering

Sintering of materials is an essential process i
This fundament al process involves the densifica
temperature to fabricate cerami c sproondictet |s,, [sllch]

[113], bhe4d4Jof the ol dest known iexraommp | &pp roof x i creart &
25,000 years ago. I nitially, ceramics were poro
i mproved the process. By approximately 10, 000 |

storage as techniques for | mpornawiong apdivtabnficyeida nd
demonstrates that the density of ceramics enha
product s, whet her mechanically, chemically, or

ceramic production.

Traditionally, t he pri mary met hod of sintering
approximately 75% of f[he:6lMeghi nhgmpempeéeuatesr @r ov

necessary for mass transport, resulting in redu
enerigwt ensive and can present challenges dependit
[117]For exampilreternihreg cof | ithium | anthanum zircc
oxide (LCO) or systems using metallic and polyn
di fferences in ther mal expansion coefX8lc,i ehl39]c
[ 120]

There are sever al categories of sintering base:

sintering occurs. Thedsemparagaoaries i-ha@0 Aay, (ilqW
temperatur e siltODrAiCH)-gowuataa@mger at ur e-7QIACH er iamg (
cold sintering -BOrOofofl 1Bdmp é satuerteeimpler At ghe sint
met hods is that while ceramics typically have hi
which is conductive but has a -Eowteeé¢d bhb@pohat
With the devel opment-siort emeitnhgoals s idsitlkdedy ucsodndt er i n g
reduce the required temperaturefii¢é¢di si moevr ipog S
materi al s.
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2.

Th
re

st

gr

2Drli ving fsomces i ofg

e driving force for the densi Gibbséeenewnér gnatlke
duci ngtehtaci al energy,thhetewee e tithheenr prnoidtyimalma <
abThi sy i sf idiuee ptaor t iadcli epdu rhfaavcien galrieaah i n turn re

eater numbaeart oonfe !l excmut £ésth & apalnirtde rcfaaucseé ng a gr e af

val uGi bthsee dnerliqy

Th
S i
tr
t h
de

Th
v a
gr
an

Th
du

e second driving force for sint,arlisng kino wpr eass:
nterinvhidgdtht e€s gthien ersatte of matleRdailnderaasd erhe r
ansfierradius of curvature shoul[d 2blgT hoins tihse am e
e primary creeraasnbincs pwhoycessing typtiocaprd owedutsees
nsipfrioadd d 24 ]

is sintering streasi atriicgresofduehde ochdémi cal po
cancies while ungdeé2RHi s udivifeéde tislatar¢f eariec a | potent
adiwanicdh whatt her ididd usitoon roefdhuecact ee e a¢ner gy of t
dhetr ef otrtaived diad vi ng force in tfhe&29dintering proc

angle between tipeoisnur foafc ecso matsa ctth ei sd i knreavdma | an

ring gihntserhiassg amormaeanpavcAmaex amplien otfwot hdismensi c

i sswhen a padehdéddasadf aBghe number of grianpraxctsur r |

w h

ether the poré¢hiesceatrabltaerdgudhii® hiebmavaa mesot

towards the centre ofr géhsghschuahwng dram db & chaetmleeefroer e

i s
6t
gr

a critigradi manrbequiofedi 2éb t Bdunempereof grain
he grains are cehvawhleanedf tthhee edfwomleer |tdhegreat
ains ar e tchoercegfvamies2nd
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Grain

{a) Pore shrinks

Grain
Grain
T
(b) Metastable pore {c) Pore grows
FigudPere stability in two di mef[sl2p2]s miaersiandi hed

granted

2. 2Ma2ss transport mechani sms

These drisvicmgisfeorntaesss transport to oapdrtbdermajgot
mass transport madchawciesmsi fdwusi on, grain bounda
di ffpgRran

2.2 L2attice diffusion

Lattftesdon occurs through the movementofoft hpeoi nt
mat e rTihaelrse. amwaend awlobani sms f or mass transport withi
are vaxzmhciynterstfitaaall ndt héeusapsiasmy ateamso hope

vacancsywhsiicche can all ow for tradlkenhgmhmoifs ealtlhews tth
the determinati on oufs iddigufa tSgviohmenr £ bbdetf 6 mi e ndisf f us i
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coeffiwdisenthhe acancy dandfdiu@Gi bhecoebateuwvbheahcbpeaes

the materi al

0 80 Equats @@

The atomic and vacancwhdi &f padgileant ceidfofed d e ratt e tha s

requiring aivduaasrcy hrouyughet das maheatvrazdecyl aces
with onesuofouhédi nh2mit otmsca ht yx ddhaeavenatn equal a
opposite f©poxeasyf nbactgoirm t o form due to thd2&2¢cumul
This caduecttoarthe interdiff uwiitom afl &rwgpe ddifff fearea
di ffusion[deflficients

I nterstitial dfffheianomansosmafrl| enough to fit
|l attncéhe i nt. erTshteistei asimaslilt east oms can hop into ne
when the ener @ymi baprovi dadanbhowi di f 6§ uendon can
b yEqu a tsibaunt replagainecyg val uiest evri gthi ttihaels r cschuwnatne ripna r

Equatbi on

O 060 Equati @@

Anot her i ho emsobvietnieanlt can occur thr omeghwhhemi nser
a resul atwifewmorti on which becomes too energetic
movempahRlRd a rterseulitntceams ttiatkiealt hree ipd habcoem toidm gat i t i a
atganl t hough they are not rpBRted to be the same

Theonstant tnhoet isotna nodf v alceaandecsi ¢ e el i mi nadti onhef v
pores, gr ai,n ibnotuenrdaarcieess [aln2d3jcki snlod ¢ @tni @msdihkese va
in particletldboegrmootement of the vacanciyoftrloen th
sur facer ems¢ kgt hfi tR@re stshe otthlkee ddamabicicidnag i ©o
the movement of t meckacamdpafetr daml & her[ali2azmh]iboundar
resulvtag ainty el i mination at t he gr asiinntbeoruendd ammayt earr
[ 123]
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2.2

.Gx.a2 n boundary diffusi on

Graboundari edi sorddarheed border betwegntakhionaes! af

known as (dgraisndorder has Heffjbcteosndeattatibes mosk

t he
tra

| aDetsipcgetsei n boundaries bei ntgheiynaareadvéh ynasar
nsport pathway which prfdl@ties amai eabbbhtdensr

di ffusion process i ssubredlaicesv eadn dt ov plled Bike wiwg d mc e D N

i s
Gr a
esp
Thi
t hi
t he
gr a
bou
e

ov

The
exp
bou

Typ

1O

Dur
res
tra
pr o

occ

2.2

A p

and

often t hougditf fodsiasn trheechmaaninsm in the sinter.i

in boundardy pekinfdfetnlté omr ea of the grain ,boundai
ecially as the surface ariemp drst aredea ciledd2 d&inndi rsius

s aoaceurtso t he fusion of the particl esarmd t he

s results in the formati oinesofi na tlhaer gien tneurmibeedri
sinter[ildBdpri ooges ©e si,paeriobgeprackesstugehsport
i n bouadarkiesiusr f e ween {Jdr2tBipdllesvi ng t hi s, t !

ndarcites o remoyaandvaha&mcicospl ed widi Btsubfua ee mai
r the p4drit2i3dl e necks

di ffusion r at e iodfe ptehned agnrtahi en Abrer Lhaethaivouisehs it ph e
onential tempemrnat 8h eBrgduecapthinbdeeh®ies t he gmaaminn al
ndary gwisdtthhe @ct i, Déotiisont hen efrrgggxpeomaepnlt P Rlé
i delel wi dt h of the grain boundaby0i atombnwiwd e

Equat/i[{ @ a

10 Q =

ing sgmaiemiggowth occmosi mgeadmosast omlge gr ai
ulting in the expMiregiedesn gtifhfet &t igomai eacscur s du
velling along. thAe grboe¢csabtobedddd ¥ é i tehotdwtoa tt e

cesvhesh have depgnddmuelrmesroaieen graodevt ©ii faindat i o

ur simultaneously diini28¢4 the sintering proces

Sar¥F ace di ffusi on

article surface may saarht airsh aa e v asaucrafnagci ee 6a tdeem s

atoms on a( Kieard JascheoFncng B.Mdenrc e enough energy i s
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t o the,astyosniscore@inn movi ng bébweenRrgjadhmpiecrdg skrak or
surface atom Theéenwmempgwacamadyx.ause the bonds to br e
abmst hen t heegatnmonwteoer t he siutr fraesaeconemsies Uch t®s a
surface vacd@mdpy oxreski nks. only the repositioning
surface and so d&¢hed nfbPYRy sepiutla time moti on of th
randodem atoemdd move from coBuekates cascaveneans t
defect commenthreafisiur&]ac e

surface atom terrace

atom jump

Fig8Berface of a crygdgthal Ipirrees ematee roif ald eiiéedsch s s uc |

extra surface atomsl23]Permcesi andgkanked.

Overall, susdrasoe tdidfofmi sniacnnt daof i hgettpewtheatsiimg er
temperatur e. This is duertdatheel bov abei wathieon
proce3bses. process is dominant wheminhenraée¢ ips ead emic

of grainsBesuadmeeelrteducti on of the surface area
and grain boundariesmeansrhbdeweénsparfiaicel, @ds ff us
ad other diffusion pr dcle2s3sfles become dominant
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22.Bonventional / solid state sintering

Co
Wi

fo
c

o S5 =
o ® ® »w O O

—

As
or
Al
du
hi
j u
Os
re
re
pr
ov
ef
[ 1

nventional sindtledamty wisdelne opdgr ¢ e met hods of
thin industry. To conventionally sinter a pow
rwhere the powder under,ggdié € hplaadtsi ¢ ndeéether matair o
mpai on of the powder. Then the mat eratalwhiisc hhea
int several diffusi grlpil onc & shsee saardtgh as tttaogngoscrcautr
i nc,tehaesipnagrt i cl eswiliegh ni newkengbridges begin
i ghbouri pagndpaervigectlveasldlug t i on in surface diffusi
clijh2d4], ThsS]step is knaosvndearssicfoincsatliiaratpromc e :

oaadris dominated [b¥24&Jur flak25]di ffusi on

the tempera@suuewal d ri pening occurs, where the
l iquid solution are absadrkedht grawihgdigbbarge
ongsi,degrtaiins boundary diffusion becomes the di
ring thieatientphanea. budr isnigntt@lyibgargai n boaadanbes
ghwagtsom®rt o travel and gvéti | e gggseiotgw draidinatmideh e p
mp over the ,greasiun nhdasupnrdianrkiaegse as t hjel 2Mbefica
twald ripening process begins as a means for
sisfha®ds t hewtgrcaamt igmwes at the interfaces be
duction inlmotrtkevbinmke. stage ,obhetpei manyedi hg
ocess is lastitbhe di fgthupieanvpiedreattulr e freen eartgoymsf otro
ercomat drhiec bonds wiOhce ahdi glaeti dendiety i s
fectivengerseswtof tgheidensification is reduced an
24Finally, as the stinet espiocntfgesspcbosest hioughesur

[116], [124]

Du
i n
[ 1
of
t h

To
us
re
t h

ring thvel pt ocdfe stalfa omat eri al c,orstulltueamt $ nmay c
the stoichiometry as eXfodenddddbhet hethouwmaisks
26 As a wexntletr i ngoof materials produces an arr
sintering and meltcogphkimpierawt upleysi ecnalt emataér
er mal stability must be considered before the
i mprove thecdnvwvneant idoemasliltyy soifnt ered samples, s

ed duéeitgdh tstue f ace ener gybutheisre @tatrd mgt £ st cmawve
guirdédmentconventional l,yheretbasnheansampbkarch
e green density of [tlh2€drissampg| & haf tmaoi mp meg a iotdige
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of

en density of mat er i aliss atnhkdmuwtluagiinnoord ap orpear dai cf
tributions. Of t hesaa dmbldtail moPdSaD asryes ttehnes , maosi t
ng two or three distinct padr2iBlltbet rsatzed , t &
centage pore space was greatest when the rati
re at a ratio of 1, the pore space was 40% wh
for a bimbad&ThseygstkemMustrates that a wide par
i mprovement of the green density and therefor
ing densification. This is a result ofhé he sm
ger particlbeys. i nFeurrgahseirmgporthe number of modes
rease in pore percentage, as the gquad modal s
calculated to be 4% 1&2t8 ]Dee syiizee rtahtei od excfr e@.s&0
sity at | ow size ratios, the density would mo
ulting in the bimodal system producing the | o
28]

produce the greatest green density, t he op:
roxi mately 7:1 (coarse:fine), as this would
promising the | ar §da291{Trhu st ursalb efcraaumseewoartk t hi s
ticles can fill in the gaps between | arger p
ger [ph220nl eke ot her hand, trimodal systems ¢
e ratios of 49:7:1, which all ows for the grea

ieving theoretical wvaluepld®]density of approc

creasing the initial green density of a sampl e

OPue to the grain boundary mobility being hiocg
ticle size distribution can aid in grain coa
orbed into the |l arger particl e¢s ,wi &atmpltihfey ibni gnec
tfelm 1 When using a trimodal system, the interm
essive grain growth by spreading the driving
2]Despite this, the high temperatures wused i
act of the PSD effects, although this can | e

in coarsening.

ing conventional sintering, pore elimination
fusi on, which can be impacted by wusing a bim
ticles filtering between théotrtmiggrapaat hclhe
|l arger particles, [Adi3&ITrhg si maltllbevsmd sogxr tnroarmes g«

a sample due to increased diffusion paths, b
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| ocal popul ations where there[ 1130Byaersaildgni fmudantm
di stributions require achieving a balance bet we

stresses created by uneven densification.

2. 2L.idgui d phase sintering

Liquid phase sintering wast omnree duc e ktehnes edmpedrdgoyn e 1
through theoadaolt voemtaoff | ukomddhi s vei nttldeiiqug dpr o «
phase is required to be ablkbohg epmagh farthhbep:s
be comdllestddtlhxcagoé a | i qui d phastehercaeiaftflysiionnc ramd
transfer meltcchrmnc empiahedadlsitdtle3 Fy pi ctahlilsy | i qui d ph
consishe obngruent melting of a minor ewtnmpotnienm:t

that melts at a |l ow tempeapaneme BatdwieBedn atdlde t ma ien

During |iquid phase sinteisndetehei dedgr ey ohedean
bet ween the particl efsl 3Wde atcoh ipeavret ctahpee | dneastiyriepdg e s ¢
bet ween pfairntei cdersei alsleslr.et wpleases i n Isiignutied i mhga s
obserwhidgthe r ear raanmsgoel nuginiteami p[i Xt 3a4]i on

During the rear rr anhgee mbanpticlsldaargyet ween t he parti cl
redistribaualiioh ,pawdéd@si ng t he[ AANHee odfe nssiinftiecraitni go
i ncreasetshe solubility of the solidf Ima4]asi ahi $n
di ssolution of t hiet srod § Wl tph aisre tocte yFsunhdieng aodit
in the rearrangement of[ U3Me]e@a rtrtidacaereasn @ mona eéhdes mi x
i s raangiedbendent hgouhhadspr eadi ilger an etvreinb Wt ison of t he
phase and the particl essorleibdusft B3@inc et hteh efsoer ntalt ui sot
have f,ohmedi quied ecaadmd db,le |feuvardrske eror angement i n ot hi
[ 13d reduce the enegtrhgey loifqg uti hdet pshyassteenmpgnasand f |1 ow
small er grains and 1p3dbr]lefs tphefedirfefedi all | gngl e is

wetting of the powders, compact swelling and ex!
compfgadaBs]

There is a seeandaswamemvbl! hespacking of the for
or pafrragrmendsi s sl ower thad4Wpehyhedtaldopgeticl
di hedral angles canof avberl thei pgepleasatfilodndo] t he
Itfhe ratio of the surf axceltiedhhepfydbeéet @)aehde nt Btehhes g h
di hedr al angl ¥ 1a83ppori sacchaens clhause further f,ragment
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which then allows foandurmpeovddd3phakigesegage of't
provides the greatest contribution t[ol 3Ah]evi dleens i f
rangfmi crostigctdevedseped diffeskapgesa.ndTlygea arktann g e
obore sdamapesmezaen here i s a range ofsandofnedrietnito ncsa p

further alterinpgl8BF microstructure

There are sevteraatl owanr i i afbpect endy off orraexampgkeae
i rregul ar | yp arhtaipcelde d .arTyhhiesy icsanb epcraowsiede a rigid s
infere with t heg 1r3ehafmoatalgeersmmeneé woul d be i f the pa
Solsitcdteensi ti es bef orwa $tchrem¥al qubiid iglyaxd t he mater

phase would result i metahedny d @ red iyf iac rard @ sounla trbgea fmegh h
proclebs3bilnaldllye volswmhe enft pri esesdmtp oacautiteldr eases,

the liquid phéazeelsioddrde asvends acts and therefore th
[ 135]

The second st agper eicsi psitengwaddcmui b@ssol id phase to
in duhed |l igqgpidlé8Bphiase t girsaimhagse wt h aaisdoi ntga kiens tphl
removal [of3THoer epsar ti cl e arrangement ,aned otnheesr ea na rie
t hrereocesnsesl ved i n tdfe tdreenssdmpglag.i ofihe first of
contact ,fwhatthenisng he result otfhe ampdrtliiaclye foarctes
[ 13Bh]i s causes the prefetderetipartdictolcotnit@amt poi
removal toimwmt hére. saekld ti sens the contact point,
occuand the particles mgwvescl biseg itwmo eéeamchi foithati
[ 135]

The second of tile steh ep rsoocl eustsisedsa g g, ® avib [ ic t adtdiues n
preferenti al di ssol u[tl &g dfhetstee sgmad |l leegr ,gghr@d inrss a
| arger grains begin to grow due tDhe her pwior@ sgr &
start fairlelaisnd etfte by t he dainsds olrwisregnets mpbkotriessg gn af o
densi fofcat he psla88bg! e

The tphiorceseck sgr omhtihch 9 slsitdadeieftfousi on, which inv

shape change-t@aedtrcenmbpeement . Due to the incre
mechani sms in the |iquid phase, t hi si pyotcems i s
where the soilmnslolmaiBiéed i al i s

Overall, | i qumoga np haaisde isni nttheer reduction of energy

conventionally, bsuitmbereéeneamyl esnt ensiawe dti sa&mu scseldd

i section 2.2.5.
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225Col d Sintering
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ansienk26olyv @inti axi aandprteesnspuerreat u PC[sl 3b6e]l,ow 133070]
mpared to a wide varsedlyc ardv esnitnitoenrailn gs itmeteehroi dnsg
ergy efficiency is gileatthrhy tiempred & jTehdeasddiicee dt o t

era@yr oach seam nldiamiyt phase formations that can

er et vaor est ages i n ptrhoec edsesn sdiufriicnagtacooni ¢ | £i mtearirag g
d di s-ppkat p[obh3aldn othhe particlse agdaer mpa wexreedi ts

d wetted by the transiFengt@(saol,utfihopn tarsa nislileunstt rs
gsi nt o di ssol veowcdper ecfeerrag¢nmitrcig althiegn gshar per edges
rtivwHiecsh smadtehemar ti cThi ssurddwcaet i on i n sur f a

ni misaeerparticle friction and mechani cal i nt

efficiThRincyparti al di ssolution, in conjunction wi
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hances packing density upadmrs tahe easppltitchatdhiiosn rc
i ctionpalreatiavmddeerd her ef or ereefaarasidaeingt atoefs parti cl es

i axi al pregswerefioy eappipireodri ng fHadO0Opowddrdldons

i ke i n t he liingpuairdt i gch &@s er eaarmntdg e mesntaget age,r
chanicabhbyttdeigsehvent volume is | ow enonudgh f or
bri.dai sons i Gbag aldultzeeedh dldp2hljo e s e arnt hleednec hani s ms
en the sol uttdlmonw vtool upmeo miost epec hpi tha BEEEWiEISO n

s determined by calculating the stress exponen
th water pandacaechicevaecdi dvalRués8respdcbbvalhny. Wh
di cated was that t he adoecncsuirfriecda tweorne npelcahsatniics nise
d/ or grain boundfat42]J¥ hwadlenegs (anr=el soirgm2i)f i cantl y
ress expoanpehnats ef osri nl)jagnudindyy pr(adaLael ue has been de
r col dTeistemiding.ates thdatow isml| v bdathev ehrtinmafr y a
nsification mechani smiianecthhaeniccoalld sHomteevreirng taf
at where there is ,g&uhfef idciisgsmotd aist @ iotnait © o nv onle g ma n
tentially be[ttH@]ldormiarsamtl sonébeen shown that g
t the only c,dnttr dls nheckhedrnyi stno be a mi xtuyre of
cluding | iquid phase sintering, dilsl2dlchaitsi owa smo
termined through <cal cul,athiimtdh tclraen Dter eussse de xt poo ni
nt ering,wetcthagriassirmn boundary di fdwtsitome hvaasli mngs af

r each sample welk&2]l arger than two
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Powder mixed with Dissolution of ions into
transient solvent the transient solvent

Dried powder weighed

(d) (e) ()

Application of uniaxial Application of uniaxial Evaporation of transient
pressure causing particle pressure and heat. Increased liquid and precipitaion of
rearrangement dissolution material

Fig®@ndel ustration of t hleldplel]f thi ssenhbargngeprocess

The second &hagea as the dissol ohi e ntslhpdsi gsesiop iutta toino
t hat was ibregimei ngarrangement st atghemi fxurutrheerofi ntch
application of pnebstuheithhrttameda®@assol uti on occu
anncreased number of-l cquidsionshdacedeusdl wal u me
increased ener gy.Dwirtiign tthhhee siyisatigedmsp reeas sewdr eon t h
' iquid phase between the particle interfhees. T
l i qui dwphhiebher etalseesmass transport as the soluti ol
and so the dissolved material diffuses through
capillary forceplb2l ween particles

The presence of the transient sol vemakirnegdumaess t
transport easier through a combi nattihorno uogfh opuatr ttihc
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solution. The i mportance of the powder by ssol ve
Andrseew [all4Wwhere they found -Abepavddertri ontof t Za
significantly reduced the requir erde gtaermpl eersast ua fe

utilisedtpdeeaeduei ng the energy demand of the cc

According {4 4Geor eetarad di fferent mass transfer m
sintering, depending on the type -sbl untenf aoe. |l
enhanced) creepdowhmehted phemdmenon and is rec
densafion mechani sni 1i4n3 ]c,o | Pdl dsdignriutueeriiomg cr eep i s a
process where materials at the grain boundari es
to areas of | ower stress and slowly deform whil
pressure soluttpopancrdepfudi emobnd precipitation.
primarily occurs at the sharp edge[sldahfihiconitacdu
to the contact points between grains experienci
increases the chemical potenti al at these | ocat
energy for materi al di ssolmug,jon. chemibal dgsaadi €

bet ween the contact point and the neighbouring a

The |iquid phase providessmhbghtdahspeirvitwhphteth
gradienttpeodri delson ge fwalciese t he chemical gradi en
the dissolved material tus etsr mahsdsredrimf ft lhei are gp atnlsw
there is a tomherthreant icanm ( et.og .r eggriacinns coofn tlaocwesr) c

(e. g. pofrk43Jpace)

The precipitation process itsr amsgivemihiyo it \hieem duwcags
supersabur ahieopressiunhbedsfhkeesgahgesai n contacts ar
[ 139] ,Pr[elcdi2pgi t ati on of t lme c & mb uatreesa sy noghfaekcrbewna s a |l |
pore spads hecause the areas of |l ow stress ar
preferentially diffuses towards. As a refsaidt, it
the solute to begin precipitaatdi ngheirmfbobheseée ntow
densi fi camatoeq lo&b Itthehas been shown that during t
main materials removed are water and carbon dio

acid), but small amounf $l1b]f OH are also released

The second mechani sm wavhitthe oMa@awuas-gi@aguitdleo atiegrufi
[14Bh&Maranfgobow descri bes tohfe mmaatsesr itarl asn$apl apunigd t h €
i ntercfreaea ed through the formati dro gfr ad@i sot tada
concentarnat iteemplelr 4BhRuirse sur f ace tremsuil ok | dgmwa bihemnthe

fluid away fr om stureftacceegi ons t of r egmwidaesesdfoinsi gh
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curos bal ance the surface ath@naildn maft et lye slpirgaidad

er t he[ paWilttihcilne sc oJtc eari¢evwoe rmenagn s of f or ming t he
adient, t he fimeteanseeadn sc oinsc etnh e ati on at t he

ssolution [df4Bi]e eo tpda@msi rhiksei ncr ease i n | ocalisect
e sdlevadntnguniof cnrom concentr at iasn ¢ hwittamicre tbhled wea

rticl sr esduurfcfatc3gd

e Mmaissdtrmaeachpaniss diphfss s acrodd qtuhtele fthéd 8¢
ffusi apharhesitsransport of coll oi dal particles
the di sfakUBhRids spl acd ess canabpodtawmeaoausi ehecthb
ich is known astlrldlecdh ophotriesiehionsevagt i dems W
ich is known §a44Bhiesi prorlesmischlt ,gs aphenti sl e

rface or where the sol vaet di §$fecapar afi hheset |
| v e natc onrcteinlt rati on balance is achieved.
| 5mp aocft mat er i al solubility on cold sintering

e of the mai nafpfaddatese¢ @ r 8 $ihmteri ng of wvarious
the powder in the utilised tgalnsarmd s sloiltveinn

ree categoriesol wantsaggumgaebwuesnt s

. 2151 Cold sintering utilising water as a tran:¢
ter i s the 9olsvycemath uthn dsa nptl anet and can dissolyv
terials. Materials that can be congruently dis
stances, at mospheric pressure or jfnocrr eecaxsaenip |tee n

Ch146] ,andMBE®P[] 148JMada@was emr the earliest mat e
peri meodsdht pt20d]By uti-$isiegi e, dt he required
opped PO anm 54000 m tgrmgpeetriayt urreeducifBgd]l]ener gy cost s

ng [eXT4A]Jl ustrated that cold sintering wb NacCl a
ter and the M®PdIloirc altOi om nesf t00 achileve7]8hidenis$t
i mprovemanpyr essemdpulei adhi eved a %.e nfsti tpyr eosfs udrOe
eater NMMBPanhel50 hi-gpwvessad ydensi tygododvetreabkies t he
hieving den89:t83&%Wsan®498%3 %reppeécPi semiyl ar trer
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found:Mo®ahd this was attributed todistimepek@pped v
[149]l't was discovered that the presence of wate
sampl esasanad ,rpgaoulutced higher cQmpatwédd bprwhsesne d

sampl es.

2.2152 Cold sintering utilising agueous transi et

To widen the capability doaiotcodangrn me etrli tghd & ©s @ Ihwo
use of other twashmsventti giotl evtbend®Br 5 ng the acidity
the solvent orl amdtieagi sabl es uchha tiekh silcid L ZD] , [ 92]
or | eactHirmgn BRITS OJF un ah a[sihlclojmp atalked properties of
sintering using both water and acetic acid as th

an increase in the density from 65% to 90% when
when <col d sanitneirteidalwiptrhevPsafuo re tolie 38adfnxsloll d viead i lown
sintering at MR88ANG6t wonhy7Wwas the dens,btuy dafhet he
grain sizes had a05s50@i hcOmaswhhimpmbineet o convent i
sintered sa@plidada] (1400

Gonzaluwlzi ahld®nallysed di fferent solvéempadheéemiestrri

densification of t he °Cc.olTdhesyi ndteetreirnngi nZendO tahte 2p500 c
by the water absorption at the particle surfaces
the particle packing due to #and?®Oan er & doucntaita no,l
defects at the grain bountdaanrd éBldrmdu ei ntoo tthtee d4 M @

strucrtagwel ting in the formati on of defective di
el iminati on [df4 2dlahrebsoen eetfdsect s were further enhanc
into the water and therefore increasing the pH,

temperatur® € foomppPpbOSCi[md@Rgrhyi s25 s due to the higl
boundaries i n rtehdedt dvem Oa @triewmdtliyon ene[rh42Jof at omic

On the ot her hand, cold sintering of mat eri al s
such ass;[B&Di]lO [ 1labnid] , a s[ ld&cZafuessewsl tt he f ormati on o
secondary phases. Barium titanate is determined

and undergoesebtydriohgsis t*henkeaoHingsaftBain th
ruti b[el5T2]® ongsi dtehathilkbgs Cddi ssol ved into the wat
reacts with 2%'the flceram hsedhiBda BaC@ndesired as it ca
the dielectrichenraeafanri¢iisasnganvat er i s not prefera
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Tor edeuche | eafc hfBaanghe f or BatCi@bwr ioffg c¢ o]adl tseirnitnegr itnhge

utili sewWasodtvteerfiphtiesd was achieved by utiJlTisOng a
where thenBastill regatoedwads t Het det €€dD5BYT hXeR D

applicat PCon nadf plr80s MPraee souflat4s3 @i f or m di stri buti on
Ti T onscarilbhdmiagllassy | pb8Fdi s phase can be removec

at ®€COG owhB8kh also improved the H&§®6153y] by appro

LLZO is another materi al t hat di s s palsv edse tienrcnoi nnger di
by |l eachinpgb4tudivie&6] t hi s determined was that Li
l eachingnaef thir‘bHagxhc hag algie s h oBvqqu d tBia@cm mpaed by an

i ncrease [ilm4thle wats al so det er nbiunte du ntloi kbee Llie al cehae
| eachi hgpoabtedi Peed more related to the distribut
presence in the powdertthoeT hAils whe lcihe fwawaspr i mar i |y
LLZO grain boundaries of the two samples that

(calcined LLZO#2 and sintered LLZO#2) wher eas,
l eaching was heat thrienagt epd olrefsesr  ctal e ilneeadls LLZO# 1
more evenly distri bultleZgoiwd[elrfhi4e] L i sites of the

DG 6 OGP DQ O0OG @D QGO Equat8i[drb

Zhang [elt5c6dddi nt eEL 2@ using water as the transient
opti mal paradtetséemawbkenbnng bel LLZO was prepared us
met hod. What t hetyhatednpemri anteldlCamabsfa 21bd®l di ng t i me ¢
provided the greatest density of 64. 4%Sdmcdn.achi e
Zhang [dtthedpot he hhiased hi s i s a r es/uHetx chfanlgew adan g ih
di ffusion of Al frgmeshket cogundumheruedbéted 1| ith

On the other[ Didalnldystiated atthat the opti mal par anmn
t he LLZO werawatZHOunderMPaphbessmueaching a densi
approxi mat edoh 88wl oamidan duct i vi®Sy conf blefox 10 anneal i
4. 3X3/0cm after an@ealThhg B BO®er than the opti:
Zhang (9S/AG8Mm)Fee]spite similar parameter ot hlits i s
reduced ionitctcsconpeacitalvliyysince greater densi ti
greater condaue]t,i vVARtf@EdGdssi bl e cause would be the e
storage andbpt oitshredse tnegr,misn a lhlese condi ti ons are n
the literature. Thisi mpadat piosséebpodbsutiye dar thwe t he
LLZO as thdadamphe increased grain boundary congc
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2] Data produced|[ bD9] IBusitgrgaet ees taHat t he heat tr¢
ZO powder does not completely i imedgenermaaste i hhe o

nductivity by three orders of magnitude.

ng €gt3éxlperi mented with the cold sintwéhirichhg of
eated an environment wi t.h Tah eg rceoa tde rs icnot necreendt rpaet
density of 8% 7WhdetMPIlBi®0idn gf c3r505h, f ol |l 6Gved by
r{ 4]This resulted in an 9Sdngiwhi cdindwsctihwei tlyo wefs
nductivity f domnadsdimt elLiét@ Uptomr eexposur et teo air
nductivity i ntS/ecamhe c ht cc oln.txr8xdlicct s t he behavi o
duction of the ionic conductivity is a resul!
ructure and I imiting the mobility of the charg
on enxgotsa air i s oa maebB-odht @uhfi cthhei s a highly hy
teamdlbegins to increase in c(¢BAJThiviitydiad atee
e use of hi ghly acidic conditions coupled wit
sired properstaoleisdboatt tlelrd@ sf.or

search into the cold sintering of; LbhbA® beiemg

pl ored to mitigate I|ithium loss into the solyv

i gHBa8hd 5M 32]@lchieving ionic ¢8hdmcand®S3iceénsl10of !

spectivel y38Rdf{ B&Ah&AENgmMed that these solvents
ain boundary <conducti on, indicating that I i th

l vent s for t he cold sintering of LLZO whi |

ffectiveneds tios tahtet rd dbluMeent sd/Hadx dharwyget oand mih

latili sé&uwriomg off heLihlfe&3] Tthriesatwesntpotentially a
ntaining phases ageimbnnegealgderi ¢ hdemcdrhposi ng and

ich at nmnehlsiphlerras prewnbwwsiIimi tb eéene v ot ahteirleif oa tei, o |

ducing the Zs@r[mMaza6hld nmaf ntai ning the conducti vi

. 2153 Cold sdagueoiusgtnamsi ent solvents

e ofaqguemus sebwmenht mes desired due to,snackri al
théelexechange wWidtzh ,LUZ2GB 4] , dpfiLi&BY , f pdB&i2ilaonnd i n .
achi g nofBABTEHS5® ], [ 151.] ,THils52i]s delmBrisifta8d by
ere they created a sbobfithrey LIL&ZO tploevddr opvi ¢t s tLiLl
|l ypropyl ene car biomad emgd PPChatiLo CfO 95. 3: 3. 2: 1.
nsisting of acetow)i.trThE® afnadr DMF gtl: dMPgyessur e
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is applied to the LLZO mixheref ameegr aatmpy caé do s
of moisture on the LLZO. This résSutmedith anrebi
density of greater than 85 %. This is cuagadedht!l y t
sintekb2@Qurther ililmpadtatth@gHbhaAs on the LLZO cond

2. 2. 05p2act of particle size

The i mpact ofonp arotlidc ise ne@&ltle mugmeint @ldi t e rAast ua e

resagkever al t heories hatvhee eoetaigreddilc Ir e gairdé ngnd di s
col d siMotremei43egg arr ¢ 1&9tjiadi ed t he i mpact of parti
sinteliALIdPMD( LATaMdeveal eeddubai on of rpamt i &1 e s
0O.@nincreased the freolmat7D®e Dtien saist yt he particle si
furtrlkeesrul ted i n 1 i mithemdt hens imay ev a minia it ¢hiaet a sree viem
relativewi dbndietyeasinglLpaht uml ewWhiylbed atvees s mal | er
produced hi,ghlhery dceomcitthjé@® dg & rh &t azret iwalse ,@arse ftehreab | e

smal l er particle snazegamaésabihé or mn degnles6adf]e c at i on

On the otWemgth[a&l®] | ust rhaitgehde rt hcaal ci nat i pans tae mper
resphtticprodihdeggher r el abl veodghsthieesause for
expandedThuepyonconcluded that the increasing parti

specific surface arsemd,vvean#anée goi tdat Lt &ses powder

sint er,tnhge rfedulolrye, I i mi t isAfgsOnhhiec hp riondfulcute nocne so ft hLei
[ 2.9]

2. 2. 5mpatrtt of multi modal syst ems
Duringicaled i ng, the activation energy of the gr-r
the presence of the |Iiquid phase -tamartihel encoeta
I ntroducing a bimodal di st riisbsuotliuotni oonf opfa rtthiec |sensa
due to the greater surface energy. This disso
simultaneously wusing | arger particles tf{d6fil¢gr m a
This allows for l onger mai nt enance o0-8i rntheer isntgr e
process. By introducing a third, intermedi ate peé
smoot hened, enabling more wuniform grain growth &
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The wi de particle si ze di stribution created b
interconnected pore nednvolrlkes Tthh e diofrfeu snieadnwoa fk n
chemical gradients and a variety of particle si z
of the flugdedtwuer tohéerhiec al gradients. This all o

di ssolved materi al through the transient solven
gradient , such as pores wherallpyetiapouatbbe. i §
il lustrated by [Nda2ywlsd i détyer mitnead t hat the col d
bi modal di stribution greatly decreased the actd.i

when compared t o convent iAmmd lhley soiratrph ed b is mong &
di stributioonisd mpepamgdhgs was brySeenanble@gg3]who
examined the influence of particle size dfstribl
ZnO Utilizing a bimodal distriil®t inony @omp mi £ir o ¢ a
( 0i.12 Om), their study elucidated the i mpact of p
functi onal c harsdmtteerriesdt iZndD.o fHedr cet, d atth ewh edne tceorl ndi nse
only the nanoparticles, the density was ~86 %,
the density of ~95 %.

Overamul ti mompat dP@&®col d sint emihrmgncdergsitthieegrleyen
providing a sacrificial phase with smaller part.

with the | arger pamwatsisc ltersan sapnodr tf atchirloiutgaht icnagpi | | a

2. 2.05pAct of temperature

The temperature of the cold sintering process is
of sankpilteesr,.at ure shows that increasing the temp:¢
typi calkcrermesleati vebudenismnderyeasing the temperature
detrimental to the final density. [RRihgd iZdhaomlgs ertv
al 3Where the densities begCn redpecnhpvaty200Dhiaad
be due to ehepeomhutEhgsmitwobur,apddt ge | i quid phase
to the densif|[ 8@ Deapiptrbpecelmasi mum temperature

depending on theasutdXpereidmesnytsstjeB@hwaerd éenhcraéasi
densities “Cpsi aogt3daddlicdeyond whi ch no further e X
documembhed.i s also seen with the cold sintering

sol vent bet ween t-8mfCeirmdrueg &@ssi ng tlh2ed 1de ntsoi t~y9 7f. r50%
[ 137]
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226Spark plasma sintering (SPS)

Spark plasma sintering is another method utilise
This is achieved through the application of pr e
atmospheric pressure iAd6d] yaangdd 6 ®n]i osr purnodceers sAri s i
Fi gur0e The application of the DC current causes
bet ween the 1pdfThel ¢eemperatures thamwnsdeegarcehe ss e v «

moment,aesbu¥yting in the evaporation and melting
bet ween the¢lpajbiionlfelseutt]idli sed atomised copper t
densification mechanisms of the SPS prYcevsss. Ut
temper @€ )utrreey( det er mi ned t hat t he earl i est den

rearrangement of the particl es?°durBiengvetedi® 1@0r0e s s i
was the |l ocalised delfewendeelyorer efuhechgngnbet we
When the temper at u46 & @wausr thhed rwedeenn s4i0f0i cati on occul
werdeef oranedl , geeapacking was achieved. The final

65008, where the pri mameyc hdhewassmf t bat imars,ast nadrespor
i ndi wiadhruwaalc Eeno | onger identifi@a#s]le in the SEM i

Uniaxial Pressure

Upper punch

]

Pulse Current

Thermocouple Graphite Die

Pulsed DC
Power Supply

Composite
Powder

) SiC Particles

Kaoline Particle

]

Aluminium Particle

Lower Punch

w— Surface High Temperature
—— Jouls Heating
MW Discharge

Uniaxial Pressure

(a) (b)

Figabe(a) Spark plasma sintering (SPS) apparatus
flow within the prreespleidc gftal 6p6efcrhoersgsri aomatgesd
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SPS was wutilised in the densificandonheselLLEDus
that high densities can be achieved using this
temperature can be reduced by 4dAamimd nighma&e&drer p

while stildl mai ntaining a hi gthh a-=d mattd rvien gl emfsitthe
with LCO while avoiding the [rle@c]Xiueoeh2foif@aduCdOedvi t
samptéathieved greater ionic conducti vi[tliée8s] t ha

despite both powders °beamdy Xwdbrusiangda at oBOIO pr
be a result of the Ta i onaxfpiplolsiemg twdhiecth2rf As$lilt etsh
sitressul ting in an obstacleennwthkh theiasascmommdiu

relative de[nls6@x]ly is | ower

Tab3 e Tabl e of conditions f bohleiStPesSr atfur,de.Z0O sampl e

, Rel at
Materi al Tenlger‘PressT'.m'densiCo (;UC
(°C) ( mi n ( %) (S/cm
0. 5L-CO
0. 31A b2aZ1 Tea Qiz 675 44MPa 10 95 -
[167]
0.5L-CO
0. 31Ad boaZ1 Tea Qi 675 50MP a 10 78 -
[ 167]
Aldoped [L1LZ®] 75-005(C¢ 13kN 30 949 9. 4.9%1
Lds ap lsaZs0:.4 25] 808650 3/ 6Kk| 510 81 5. 81% ]
Ld.lsaZt1.T5a.@:d 26 800 4 OMP a 5 - 2. 9x%1
LdAd LbaZ30:4{ 1638 800 15MPa 34 98 9 8.7x1

The abiapitgsliynot er mbower at emperatures than the cc
samphmak@PSpassi ble method to fabricatseDelslpZQ/eL CO
the Iltewprer atuldesie@d to high | odaki sedjoempeheadtri
can undergo undeschedsr daMaeCmil meys tLoaed et i on of LL
which caudas ho bep28]ecfe@8]As [thi®] ,i s bhEk] of the
contaminant s wi Yamada et &P S2 &lydstfy@ed why the pyrochlore was

formed. Similar to conventional sintering, this was a result of Li loss, but they discovered that

this was due to the oxidation of the graphite anode, which occurred by removing 02

“from the LLZO lattice. This resulted in a charge imbalance within the LLZO, resulting in the

ejection of Li* to maintain charge neutrality [ 2.3 lirther research revealed that this Li-loss

also occurred in samples sintered using gold foil but contaminated with Li,COsz [ 2.3Thi s i s
duettheXC@beimgduced to amor phiOuswlteaer é& otihs ntdrae b o n
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oxidised further andxggennf doawidtige yh beZIGtdheconf ir
that wiC@Qomutthe LLZO pamtdi plressmabdye usi ng a g
anodeef fectively stoppedsOt[hZze3liiios mahbowas Ohatacont |
surface phases of atshgnlkif Z © & atamel hfpiared | product w
SPSdtemsi f yopultLZ2a® so t hat i tf ares ian tpeorsisa godmeu knteirt thcotdu r

22.0osintering of LLZO multilayer str u:
Cosintering of the multilayer structuyriens | prdd shgnt
chemical stability, diiwfhfiecrhne nmayw!| cahhee mavlar xii megt |

del amination acrbdb58landewhenet hacgrain boundary i
relative to the interfacial energy between the t

bal ance the spib&8te energies

Cold sintering and spark plasma sintering both
sinter LLZO with the ca[tihbaSdd maip efelvGarern & ad Setoi wed |
Seo etls5s8B8Hl d sintered a battery <cell utilising t
composed of the carbon nanofibers (CNF), polyp
( ACN) , di met hyl formami de (DMBnd LiJFEOOMopet bbI or
cathode and anodle5Bleempebod vemyl o & BWBapsy t e o reeta tae
a polymer salt bridge between the electrolyte a
Li Gl OThe salt bringt omasygudEesitgmedstress over the
to reduce the graihlb8iihdar yomeoissttamand @dsul t s

gcmwhich is lkowersbthsitabnt e batt erég@ar dlAeSSB) o f wh e
pol ymer was [(iLbBiTded dadretrotmi ned t hatmAthl/eg ASEBS5 c a
mAh/agnd mAf/ g for,a@QdlEZC, 1Cd slpb8dMeiavne tnggeodshi antt er i n g

process can produce rhhitgelsepechpamanceswhed at r o«
than ASPIRst i | i sing LL[ZIO5&]l ectrolytes

Lapt eV leoti7t]iall i sed °SCPfSomitii® 7vhi | e pMRavseld attadda@ni i
zircgandmmolybdenum (TZM) celilndyez®sLCOebidl &y €ro.
confirmed that Dby sintetrhien gL QO ddeird tnhoets ew bcaocnhd iwiito
decomp@adsed empegrractatitfeers °Z 0®dccor cEigmat9%t oM he sur f ace
storage capacittpwl bhoOgB mAhscims redMPadhiwhlen si
dropped to ?2D1@7mMAh/ cm
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c0MQo€ 6 0 c6€0060 Equatof a6

22 .Bompa son of col d,,andomrsywyantki @i als ma s

One of the main incentives for the research int
reduction of processi,agongmedantdhenenpgpgaccbgtso
into the cefami expmpduescatla pooliydngeer bet ween mater i
interfacialll158&]3hssancse achieved throughicétevaesr al
applying a pulsed DC <current to create high te
tempoyfrsaucih yas Wilt7lz] $Sr§ 1t7h83rjlough particle dissol uft
solvent while pressusechndshewbthptebtdppphiBEdbidng
on the energy efficiency of di fferent ssinmMdt er i ng
clearly illustrated that cold sinterinabha&d the
As a result, research has beenasoprevioous!| witen i

Tabd €ompason of energfy diomfseement onmechnizgp8&F for

Sintering procse Energy consumptio

Solid state/ cony 2800
Liquid phase 2000
SPS/ FAST 1050
Mi crowave 540
Fast firing 130
Cold sintering 30

Not only dhssnabsonagloll owed nft@er i tnlye odo sever al ma t

such as ceramic powders alongside other materi al
the conductivi{(y18jAddheéei matklyal col dsisnitnetreirnign go f
ceramics withy®loayemeed ldaBamicosnposi { 8.2¢tAmatmh ers

advantage of wusing cold sinteri ngnmpidshte hpger apeerutcitd
of t he cer a,nsiucc hmaatserpaarlps$1 2] canldaygerkasi n [cbdaX]senin
Anot her major advantage of the cold sintering p
resulting from both the decreased tempetrhaet ur e ¢
process meofrfei ccBokshtt. [TlMils)] can be, wheemr icomnlieHdOi on
sintered pellet$ldbe¢ amnijditadl eadtfeonp Bt/ WhHer eas 1230
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i n ©olInd grhienyg wer e s i-hilf @ajte dICF®Whilc.h5 i s a signific

temperature and ti me.

When doing cold sintering on LLZO, the | ow tempe
Li ej,e&wbi cbn means that the f oprZmaiilddBoed ndte @yaT W
whereas this phase is formdd 7abnd | $BS t o n {Téhid Osi oi nsa |
an importa®tt dogersoadouhct causes a reduction in the
as a bl ockinmdg sloayiexr undesirahpllgORh Whaer eecalse,ctwlod
conventional sintering, the addition of excess |
use of the mother powder as a sacrificial powder
occurring.,cbDdsd nttertimigs is preferable for maintai

assuming the mother powder i s phase pure.

While cold sintering degjeescdniamtnt g@o tthter d wgvh tleimpleir an
during sintering, it does h#&£LWd 1li8Pr§aiwiso wms Ityh & xhies
LiCQaccstas a barrier for the&nditmheriiomgi procredscti it \sie
[ 3] Cur,tentle | iterature has been,dmd nrmdome ftdheu ic
on methods tiompgpadsCiOporn tchoel d si nterijing.cdoveonunobar.:
sintering, the addition ofXCQtshueh m$3anbidarnd g ttte't
sintering process is shown to i mprecatchet hheonpel |
conductivi t'¢/ odnl BhBUMxH Ot hi s occurs at fCemmelr at ur

so would not assist in cold sintering.

One downside of wusing cold sintering is that the
boundaries in materi@ljPpusupbsatmieBdTiNG woul d be

to properly <crystallise these grain bdumddgdri es
Whereas this is not an i,asutehenhtghveaempenat uses
time allow for the complete formation of the gr e

Overal-$intetidng i s tao wieadhulcee metntreodand ener gy cos:
sintering weithedsi multaneouslicyssipmtoer divintgh aot e rn
ot hmat eri ateul dhreasrseuductiinon of steps bradgaeeérlryled t o
while keepiiig tostbBel oweducesehtiemt o-ai heesodosg of
LLZ®Onder ambient maiyr pcomé,awiadd mssob lper ovi des t he be

t hesi s.
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2.8 ms and objectives

This t hetsdeasveatiaksd siordt drund®g@ mbi ent ai t @o @omdiictei on ¢
LLZO compohensiclsitdbtactiteddi t hi n t,bhher & hamaicm | d

sinteechgons with objectives as stated bel ow,;

1.Cold sintering of LLZO

OlCompare andt hceondaglasdt si nteringhdedagthfteresntac
powdepapa&mnaons arlevt ehrotd s .

O2De mosnt r at € eadiebi | ity LbZO pwiotdhnc itregnpieornaitcur e
conductivities®>$arharmd 0lhd gmsuxtye r ambi ent :
condi.ti ons

O3Compagpreopert iceodsdonft meHedde t sc cangvae mitgitosnianlt er ed a
spark plasma sintering (SPS)

2.Cold sintering of anode materials
O4Devel op par ameit\weelsy t aodedhfoslien t maitcenr iaassh sLi Co O
(LCO) and LiFePO
O5Compare the microst rnuwetswlmrmgplc edidf fse rnetnecreesd buet
2M Li OH, wbaM, awidCIlf,or mi ¢ aci d.
O6Determine the viability of eathr oargdloydsei snat

of mechani,cade,aaidtbe mii ¢ gl stability.

3.Sintering of midlori IS&SBelbamateeryi @losnponent s
O7Determine the vi auilltiitlyaycfr fsalbrruicd autriersg ut i |
conventi onalndsiSPtSer i ng
O8Anal yse t hendhmend tsdarhibd d lintuy td fl atyleeaf s terud¢ ther e
sinteringnegroeckshepue ntr eat ment .

O9Devel op memihodgattoundesired changes that oc
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Chapter 3 Met hods

The materials used wit hTiarb3ht B phejecthamecahowa

supplier, purity, and particle size.

Tab%lei et chemical s

Formul a Chemici¢ Purity| Particl Suppli
Na me (Gm)
Li Ad Tad (s PR Lithiu 96 Johnso
Al umi ni Matt he
Titani
Phosphgdg
Li ClI Lithiu
Chl or i
Li CoO Lithium 98 1-20 Al fa Ag
Oxi de
Li FgPO Car boomat 1-15 PiKe m
Lithiunmn
Phosphe
Li FgPO Uncoat | 1-15 PiKe m
Lithiunmn
Phosphe
Ld. bsAd. Z=#012 Lithiu 99. 9 785225 Toshim
Lant han Manuf ac
Zircon Co.
LioNMn €06 O Si nglhes 99 1-10 Johnso
Lithium Matt he
Mangane
Cobal 't
LioNdn Go Q. | Polycry:! 99 2-25 Johnso
Lithium Matt he
Mangane
Cobal 't
L i oNN: QG Lithium 99 1-15 Johnso
Mangane Matt he
Oxi de
Li OH Lithiu
Hydr oxi
HCOOH For mi c 98 Fi sher ¢

The table shows that thdrd POr)e tamdinGloONeNMO) . Li Fe
The LtWwPBQsr e coated awhdi cumcwerteedbought i impadtheatdet er
carbon m@atomgt he cold sintering aprteheess ngTlee ctrwy
LioNMm. €0 O2( NMC83) and the pMhyYCorQocNMC62 2. Li Ni
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Currently, tameeedsbbvenhe col d silbytiehdi f=Pr.0f t he
(LLZO) . These solvents WwWermabWMadetbni gdMdLweOHer .

The process for the col d,asnidntceirairmge,t esra nspalte opnr eopf &
LFPOshowriigmde

Due to the air sensihei potwdeop art &tee2dgpzo@ie h e n
pl aced into ,andampkld eagicru-sianal dlgl.e Fol | gwitnhge t hi
sealed bagoerwdmsi c.c althorerse steps BrL2Otakpmstroel i m

during storage.

3.1 Cold sintering

3.1.1 Cold sintering and heat treat mer

The cold sintering of the & LgZfO tvaes peooonmdieav d ch tay np
for 5 nfionfutoewsed by mixing 0.05 ml of water/5M L
powder mixture was hdlemdlte aaasd eplr addRauumaddarsi 49
15% omydraulic presses plgat e d!| i uhdkeapedssur e,
heat ed0-2t40 wi th a heati ng’Ckmiohi hgrTrhad etneompsed Sat ur
range was selected based Lan deXpdavwhii menn tdeelmofnisn d iamn ¢
200Cyielded the hoifghsslhd eeed intoluZ@. experi ments
confirmed that increasing the temperature i mprov
240Cwas determined by the capabilities of t he r
pressure parameters wertei ahowe[nk7blawvsheldicast tdle he

rate remained ¢ onrssettanbty ashei tmawahs nper.e

When util i-KkEMgprtehses PWwit h ,ahbeabidgsjatkeing of

achieved by grinding 0.5 g of thef @lolwdweed imy amim
0O.0mM of water/5M Li Cl/formic acid for 4 minutes
tohail hdhe and pl acMRa uWhielre 7ud)der pressure, the

25 with a heati n®/ oo ol mMogBhtedt lmo dbiff iScati oon t o t !
KEM was i mplemented to minhggatateamagast antahesihe
the applied pressures were contributing to their
of °G/ min was made to enhance the dissolution pr

thereffociel itating sampl e densification °@s t he
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Furthermore, theamsdnpreeesigytecur attodoofpitehdibe sei t vy
of the LLZO pellets, while simultaneously all owi

regions.

The transientf sroltuhe onaslf dl skiedmdlLrdeZiObayt dri ,Cl and for
acidDistilled water was s aldetcttlieal naoss to nper eovfa | tehnet
sol vent a vtahiel anbolset acnodnmmon tr ansi ent s OHevreenftorues,ed
it acts as a gomogaiogeshtereh bdMepaiChitr evass sa&l el etdi o
due to the highly hydme@amilnigct t feaattsuirley odfi stshoec i sad le
which coultdhespbduti Bineowistsabdequent | y/rHedobanghbhe L
t hat can ocoawrl dd wriinnge rti megt fpe ofcersmi.c Fa mtad d wae s el
the acid reaciCiQnogn wihenh LbAOelsiovimag a potenti al
densificatlison.a Iwtealk®r acid copmggatrsauct ht aa so thtyedrr oc ¢
acjand as ashroaudulitb@wreactwivtint yt he LLZO whil e st

di ssolputeico mpti d aad tidoaphasr t i cl e rearrangement .

The heat tr ecaotdlsndemtte edefldetthse was carr i e @Cuonudtexrf oNv 2 |
When determining thdheemeiotmetaofi ct metpeoldl evtas us e
schemati cal | yFiigldrl@shter arteeads oinn f or the heatotreat
remove btuhudptiCQantdi OH owml| tsked flRte mper ature was sel e
LiCQtypically dez®mp82¢s at83jo, s[tbpa]Jt,hel Y&FJor mat
LiCQand Li OH during the <co,alhiengenafi rtehehelalt Z Q@ rppeawd
was comphdeedanmdNspiWet bin the LCCB® bBempl eseatn
process was utilirseendaitheo ngermovwe ttlme reduce mecha

exposed to air.

To timir exposur et lody tereessessradoaldl matnsd stdesedcawt bhi
with the same procedure as the LLZO powder.

3.1.2 Cold sintering and heat treat mer

The cold sintering of LFPO folHd wtwews-@adB840 .wif | &M pr
Li OH as the tramrdsitéiret healtv exrmgt a ARG/ nocibhod | ppagr a md tee Wws
werseel ect edaiseidt eaplkehement al dalt§dbytife Seopeat ambt er
were alitmpedvéeothe sintering process due to fail

pelsl.et
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The solhdering par amedsra bvesies sdeu e -stioa tt dirle PtOhnet e n t
wi LhZDhe heat treat menpteroffotrtoheadelmfoRR@ wehse car bon
t he poawsdwints considered a possible rerasoimhiE,or t
tempersadluacct edCaasst ®@Ovoar fogheet t i Ng @}pipdioxe dnadtel y
558[ 18f700h @&hinl éarnNsat mosphere was att ednapttieodn doufe ttho
LFPO under air conditions under the same conditi

3.1.3 Cold sintering of LCO

The cold ®ihhiC®reignagn tohf @i i ggiolh & Cortar and pest|
10 wtwhefused solventf dr2mi coirdDdi,M RatCdowi nhlge t hi s

mi xture was transferred to the die

The mixture was t-heohadidedanod pl aaéd under a 25(
at room temperature for 10 minutes.°CTht sawaat & o:¢
10C/ min and remained at that temperature for 60
room temperatur éC.atThae sreatveal aifesl Wwer e chosen in
resul tWul[f5 Gt upon failure to achihevepagtarmedteursa

altered to be more similar to those used for LLZ

The cold QOmtbecz@Gg(@f1 g) with 80 wt% LCO (0.4 ¢
mi xing the powders in acetone using a mwratsar and
dry. This step was completed to reduce the part
components throughout the sampllewvto@®rceoeni aedmiwai e
2 M Li OH, or 5 M Li ClI was ddodre d5 trbihritdtepsp@Owal®3 8-
adapfedm work dohe?7byptadbtéeéalher madcdeidsd at e we d h
LLZO.

To cold sinter LCO80, the parameters selected we
LLZO, as these were ad@prirédhdrefmowey ki mpr cvedtsal

when compared to most samples without the LLZO.
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Mixing Solvent with Power

0.5g Al-LLZO mixed with 0.05ml water 0.5g LFPO mixed with between 0.1-0.3ml
(CSP)/5M LiCl solution (LCCSP) 5M LiCl solution.

A 4

Sintering the pellet

Mixture transferred to %2 inch die then pressed under 649MPa and held at a temperature
of 200°C for 30 minutes

A 4

Heat treatment

Held at 800°C for 24 hours under N, Atmosphere (LCCSP and CSP only)

A 4

sample prepared for Characterisation

Sample polished down to 1 micron using

grit paper and diamond paste (CSP and Sample fractured and/or cut into a bar

LCCSP) shape using wire saw (all samples)
Characterisation
Nano- SEM (all  MicroCT Impedance
Raman X-ray ; ;
: - indentation and (LCCSP  spectroscopy
Spec(tﬁgc"py d'ﬁezg%c“on (LCCSPand  fracture and CSP  (LCCSP and
CSP) surface) bars) CSP)

Figurl&Experi ment al preceseriong ocoi2l8 canndgst ot he Spe
hydraulic presses equiappead fwiotwlt hlaedt.ed pl at ens
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3.2 Pell et characteri sati on

3.2 layX di ffraction and Raman spectros

Xray diffraction (XRD) and Raman spectroscopy w
samples after cold sintering and heat treat men
i mpurities after cold sintering and hefartacttriecant me
data were gathered using tdthenBanbdgAlicuallhde Cus |
radi ast i oIn.i»Wi0Ot8hk VB O0anhA40TKdi vergence sli,apnda 0.1
0. 02Rad soller slits. Finally, t hPeD Fld d ff tr e@rtd o n

determi ne drhe d aaefmt rmdhieer inala n @il gh s c o we rystl iulsi s ed

tadetermeale i nfeomsitthiecesdet er mi nati osnndftdiiehleB dot ge

to calcuhbatecehk. parameters

The Rasnpaenct r dadnvaeprgeat hered using the Renishaw | nv
using a gamedémsB2aW. atSp2edct ra were gat her4e0do Oncim hi n
with a beam pbhwies wds 50t%. | i sed as ,anfli sg@e rtgrei n
anal ysi s maiondomparnisn ¢ t gadt htehrbebdu ndda ti an. WhHidt hagrr eetewnr e
|l aser was selected to reduce the occurrence of
spectr a, and the power wused was the maxi mum ave

produced Raman spectra.

3.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM) was perfor mec
sintered LFPO and LLZO samples to de,taeardmianney t h e
di fferences between the sampl es. Pell ets were g
P4000) and isopropanol to remove undesired debri
1 Om) i-masaed olittbr ipr@mitton exchange betwad&amsede LL:

l ubri.cant s

Samples were mounted on a stub usimm g fc arab dro nt ed
SEM to avoid charging. SEM images/ data were coll

with a spot sinzec elfer3athi nggnkdvol ER¥Xe maps 18nd spec
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coll ected with the same voltage and spot size a

SEM i mages were then analysed using the Fiji i ma

3.2.2.1 Particle size measurements

Particle size measurements were taken manually &
the SEM images. This is achieved by measuring th
Fol |l owitnhge tahvpearratgiec| e si zesEweebeooamavelaged tpo de
the D50anvdalpwepamutciecl e si ze dihstsr iwast Chos@naphlast
the results dasher sdezteeyr milbree whi ch woul d produce
results.

3. 2.S2cdndary phase detection

To investigate compositional varisatatares edii tethierc t
(BSE) i mawt ntyi svthesavi er el ements in the sample sc
resulting in brighter regions in the BSE i mage:

characterize these sedbagdergaoypydhaestrencogy (EL
utilihiesdwaB® conducted either in the form of el en

di stributions or as pointnaagkgsat §&pdespefriethalreec a

providing detailed information on the materi al C
3.2.3 I mpedance spectroscopy

Samples were prepared by polishing both sides o
foll owed by coating with gold on both sides to
performed using an Agar Manual Sputter Coater A
sidBef ame coating, tape was used to coveuithe gpe
The i mpedance data were collected by an -Agil ent
2MHz at 0.1V in air at room temperature. Some s
under t he s a,beutc ounnddietri owvnasc u u m. Within the cryocc

reducedKitoada@5i mpedance measurkmiemt sr walre®. t aken
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Thdawas analysed usingbyheakZeuétwtdi sgf aiver gbemet r
correcting theThe otdatceld danducti vity oviasclest i ima
met hoddchi elee¢e@rimyning the | ocationcaofrctltee fhitgH uin
in Zvhew.reTi pheoclail ghofivnitleurec eipda | tlud metsetd mat e t he
conductivity of the sample. To calculate the con
of the sample wasEqualtliQwlhatred Cusiisngcapacitance a
maxi muen ght t he MO peak. To det er mikhceuathiboancapaci t
utilised wherbeZoht sheé hprgsmiaxanbde peak frequency
calculated capacitance value would then be wused
measured using regelaBa8glht hg MWesitsetTwpically, the
the MO peaks was determined to be the bul k, and
thEgpuatiid2wans used to calcul at @i ¢$§ htethe onadmgdnent ygonwn
(SchmUsing the data from the cryocooled sample, a
equation for the Iine of best fit was determine

grain boundary and bulk at room temperature.

0 pfgzie Equatlio
0 pfaczcg?] Equatlil
. 20 Equatli2

3. 2. 4-Madeantati on

The samples were prepared i nexcdepts atmee ymamenree mcu
a stub. This was achieved t°®rosgkbuhkagi hbet samp
me foth of f ,arnedsiln ghtly pressing the sample so that
Il ndentation tests were peofittacmedbtiiond xhébmtbet edi s
pell et s. Experi ments were performed using a Nan
indenter tip. 25 indentationsg$ hwar enaxa g0ihe dnNaut o
and a | oading/unloading rate of 1mN/fsr.add®ed spaci
Omdependitrhiegndent at o b hiemietpit &l indents. The spacin
10x indent depth to minimisé&hiwase efbkdct oofest h ena
elastic modulus and contacts.hadrhdkenessapdfs tweea esipm
Excel usi ng hklythmportvavsitdeegde dundepgipbEeers s .
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3.2.5-Qvli cro

The samples for MicroCT were preogdrndageleddien g a nwic
bars of roughly 1cm x Wentexl |lerent.e dMiicrr oaCTZ ediastsa Xr
to analyse the internal cnoidxd rotsgelalcettusr.e Tohfe tZheei sds
620 Versa uses a tungsten dcoaurnrsemts/s@afonl B uocep at
of 25W. The Dragonfly software wasbytislkeigsmedtf ag
the different regions.Owicehitiet Isehgaiednd matci mmmp luett eud

meshes of the i nidrtvawearsstl cme@itddas oif mages.

3.3 Sources of error

3.3.1 Experimental errors (milling)
I n the procespsroocfé stehree mwilllli nlge powder s that do n
of settling or getting immobilised. This results

3.3.2 Particle measurement

3.3.2.1 SEM

The particle size measurements were conducted e
resulting in an average particle size skewed t
Additionally, these measdr et snwbr pradpttlemed®n p

di menspowadgdrn ntroducing a degree of geometric err
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3.3.2.2 Mastersizer

One significant error encountered with the Mast

calculation of agglomerate sizes rather than ind
particle sizes being | arger t hhanultthrea saocntiucaalt iinmgd
employed to reduce agglomeration, it has been ol
the particle size in samples, as seen with LLZO
Anot her source of error is the presence of resid
were not adequately cleaned from the machine. Th

causing the measured particl e asmizneasn ttso. rTeof Imeictti gt
t he machine must be thoroughly c¢cleaned until no

camera within the Mastersizer.

Variations i n t he i nput refractive i ndex can
introducing errors in particle size determinati o
value of 1. 4, as[ L88 Hotwed ey dihi et vdaolpueed pLeLrZtCai n
rat her -dtolpeerd AILZO, which may alter theéempafteact i v e

determined particle size.

3.3.3 Cold sintering

One otenti al source of error in the fabricati on

p
on the surfaces of hespepiebdl eyswiand pBZOi cTesmit
h

of these secondary phases, all powdatltsedabdgpeli &
a desiredatoirng air and moi sture exposure. Throug
continuously exposed to both air and moisture. T

was t o assess t he iwigahiinldietry aofbicecmnltd adirntceorndi t i or

additional control s.

During the initial pressing of the pellet, t he
rearrange. This pressure drop persists beyond ¢t
unknown. This phenomenon can be mythgatbed pyessl
Additionally, a pressure drop occurs during the

Possti ntering, the pell et s @eschcaapseido ngael ol nye terxyh i bTiot erd

effects of this irregular shape, thickness measu
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each pellet. These measurements were then ave
l ue. However, this method introduces potenti a
innest section of the pellet due tfourtthhers Ircepa
i's error, measurements were taken at the pelle
ot her source of error arises from the environr
ntering process. Speci fiimmpddhty, phomedst ypantni si
ing 5M LicClIl, which is highly hydrophilic and
able solvent for cold sintering, readily react
challenging,s a9 tchhendaktjtedthieveriocess in ambie
ocedure i s card iemdvioruotn memta toearieni mi ze the i
nditions, such as humidity, during the sinterd.i
3.4 Conventional sintering

ring the sintering process, l'ithium |1 es from
dZls@;due to thermal eject i ondocTuhmesn tpehde ncohreelnloenn g
rking with LLZO at elevated temperatures. To
volves the use of a sacrificial powdéero.ssThe r
er efrerag i-0gatamasphere that minimizes further ||
urce of | ithium to reti.ntegrate into the LLZO p
sstintering analysis of these pellets reveals
sulting in material |l oss. Consequently, the ¢
correct ma s s used in the calculoauricoensof Téi s0

rticularly when determiningitmpacpdelel dtr adjimeme ts
ded to the scale. However, this method present
it may be difficult ®bodgtf eonewhiahepwehieh. fr

3.5 Density

presenfcesecondary phases within the pellets is
the densityartekampli esende Lt&d® whi OH adadel il. 46 ¢
d 2. 2teghemwhiveh yi s much | ower than the LLZO t
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g/ éms indicatd®B@hedhei eemi milng t hceodsdiemtse @@@ O0o.f t he
Al ongsi,dleeitghoitse hbralsal ts and any nlkaeengppheacsieas! Iryelia
the case of t het ohybde ogpihs d usxs dd Ciln seestiinothers .ny. 1
experi,mbrets® are considered to be negligible duece

secondary phases.

Within the conventi phaZbhO;woael dt eeednosbaamprepossib
phase prodiukielkdei twihhei ss econdar yc pibdhsesammitdhdh e i s

considered negligible in the conventionally sint
samp,ltehxeZCacr eat es ai snpgmit ftihccandtensi ty as indicat
t he SPS,adedlhloehdpdrnsi ti es of these samples were not

During the measurement of the pellet mass, the s
NO. 0005 g. These inconsistencies could be attrib
the worktop or drafts within tsuwerilnmg otrtad ogtya keinlvi
bench and enclosing the sample to mitigate at mos
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Chapter 4 Milling of LLZO

The focus of thiprepapiteg tlse obLpPpOeby milling
attrandoml anetary milling. The objective of the
density and so increase the final density of the
4.1 Milling methods

The experimental mir olciedaaledn fisoirnttelrd ng sbabwn he L
schematifkiad e iThi s began with -rtehceei mieldl ilnlgZ Oo fp otw
through three sbpadagei mdt hgasbaflktltrmtibhnngiil |l in
grinding was done in an agate mortar and pestl e

sintering solvent.

The ball milling was carried out wutilizing a Pu
wi yht rsitmbizliirsceochi a (YSZ) milling media and isopr
added to the jar and t BevMpamid!| Bdkk 4dth 48 (B(MRMM f or 2

The attrition milling was conductegdtisitwmbdi $zegda
zirconia (YSZ) milling media and isopropanol . 2C
then milled at 250 RPM for l1h (AM250), and 350¢C

(AM350/8alndb (AAN35DPTHe S 2par amet er s weri ensdaplhdooet ed t ¢
i mpact of the partiwhenstompamddmbd AMBEOYY and me
(AM250) weneurngdye rs cdailfefser ent ti mecrcatl rtahientdeesi ded
range -8502BBPM-If.b5x wAs5not compl eted.

Bot h ball and attrition milled poyvacthdarh eme rbe tthh @ rh e
jar and milling media werxd raaign sreedmanii tihn g spogw doepra.n

this, the isopraormpehneonl leenfd poniClaefrbur appeocoai madely

Th8M24(1) and AM3o5cle/wls.essépg¢gated to i mprove the m
duterrors in the expemwemenhdalll eod oxe dRIM24 (@h)d and

respectively. These samples remain separate due
t he chemi stwhyi icéndli sicaiessed in | ater chapters.
All the above methodol ogies were carried out in
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Dry milling of the LLZO powder was <conducted
Pulverisette 7 planetary mil . The experhA ment i
atmosphere and two in air. Each set had one san

mai nt ai nattmoespkere within tthieghmi Iniilnlgi njgarj,art hweas

gl ovebox. The samples were milled at 150 RPM,

intervals of 20 minutes of milling-hool lsampd eby
undergoing 24 intervals of 20 minutes of milling
Following the milling prowaekssdtreatbdofntheYBdwde

80 for 2h with a°Chemtni nugh deerav ier n@rNn&n t5.

Attnition milled Attrition milled

hand ground ball milled (2/24Hrs) (250RPM. 1Hr) (350RPM, 0.5/1.5)

Heat treatment
(800°C, 2Hrs)

LLZO mixed LLZO mixed LLZO mixed
with water with 5M LiCl with Formic acid

Cold sintered
(770MPa, 250°C,
60min, 10°C/min)

Heat treatment
(800°C, 8Hrs, N,)

FigaRkExperi ment al methfernapsa uatoidodindaddl 2@ .
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4. 2 Resul t s

4. 2.1 Microstructure of mi |l |l ed LLZO

4. 2.1.1 Particle sizes measured by Mastersizer

The LLZO particle sizes after processing were d

measurements obtRiighwkersle $hewdD50nparticle size in
|l argest is shown to be 3.5 Om ball milled for 2¢
RPM for 1.5 hours (AM350/1.5 (2)), attrition mi
milled atoB850. RPM( AM350/ 0. 5), hand ground, ball
attrition milled at 350 RPM foredebhedq AMBBHO/ dab

the particle sizeBl@etermrded by BDB@mal |l est to | &
AM3B/ 1.5(1), BM24, hand -geoaendedBMAd AB350m AM35

The atmirliltednpowder exhibited the widest range o
milling and potertsipalci agglyoimavrh&iMizédé® he5(rla)nge was
Om. On the other hand, AM350/1.5(2) showed the

with a range of 9.4 Om. This discrepancy bet weer

a significant source of error in the LLZO attri
i mproper experiment al setupfwitthle Mmaehioeceapiosgt il
the milling pot. Consequently, the milling media
transferred to the media and minimizing milling
pot. Anot heorurpecet eonft iearlr osr was t he movement of p «
would not occur, such as the toptlhdse her rnoirlsl i me
corrected, drastically reducing the D50 particle

I n contmadtdl edbploiwder yielded a more consistent
The range between D1®aimhidped®@de rflolwase aacnhdm 3. 48

respectiUneélikxe attrition milling, the second rour
in a slight increase in partiomparedzbe meabsuraet
val u@wer al |l s mithedbalalmpl es foll owed the expected

of error was deter mi ned.
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ED10 mD50 mD90

FiguBParticle -seceisved lalsZzO atft rimhitéi Loknd IOl pawd er

determined using a Mastersizer.

The particle sizeEbgulle wiclolaepdarleldZzt o(se achi eved
(solventl ess) baand nailrl iantgma shelhbeor Ded-ti(dy didgeh o ws

that the sample milled in air for 1hevpernodwhceend t
compatredball and attrition mil lFeidg dpdoewd@mnm st, he xatelp
hand, the damplleh ihrelN a whiouk pfaded4i Omas t he
the milled particle sizes.

The two 8h sampl es achieved the two small est
Mastersizer from all the milled powder, wi th an

2.3 Om and having a partiwher sazet Teangp®nmplf8 Brbi. |1l
produced a par Obinc lamdsihaes Zf.r8arrheomeasured part
range bet welh0 tihe DMl | er in both BM24 and AM350
of 24.5 and 9.35h(3m,shesvpe‘ch'atlleeld/ipkoewdehres,otthheer d
powder fraalesmot domogweastioalesasnd ,mayulpr oduce a sm

bi modal distribution when being cold sintered.
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200

150

100

particle size ( um)

a
o

. i

asreceived dry milled N2 dry milled N2 dry milled air  dry milled air
lhr 8hr lhr 8hr

ED10 mD50 mD90

Figddhe Mastersizer LWw&@eyamtildlea dipamdl 1a nadn dd h8 hi ni

air .

4.2.1.2 Particle sizes and shape measured by SEN

4.2.1.2.1 Particle shape

To examine the effects of LLZO milling in more
examined by SEMei Vlkhd &4 ZOi pbped pr ek hi bits a cl ea
di stribution of particle sizes. Larger particles
edges and a roughFagpéeat) )rratlino cofnt2:akt(, small er
|l ess angul ar amd oweer alslpeex-Airhitti As od r8s 2l t , ac

accurate reqr eoaentiatliecorsi ze di stri budsiomg.b®EM mes

Bal l milling of the LLZO powder in air significeé
2h of mi g ifebg ) (. SEM i maging reveals a more uni
compatredt hecas ved powder, although therelliOs stil
OmCompatedthecas ved powder, the BM2 has a | ower
3: Fi ¢ ulrfee) , l i ght green arrow). The fractured ¢

predominantly occurs alFoinggd fteh)e, gdari kn @groauenrd aar resv
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other hand, the smaller particles <3 Om in size

2:,lndicating that the fracturing of some of the

Af ter ball mi LthegLEAO Rgdwdeéem wasgs fastbbownedoc
Fi guBec, f) . SEM ofshdwresat paome cbfest he particles
along grain boundaries (intergranul ar) and thro
particles after milling remained angular and irr
ti memone of t he LLZO particles showed signs

adherence/ aggl omer ati on.

FigableLZO powders imaged by SE SEM. (a) As recei

mill edahdr (2h powder ball mi |l | edmaf or ahmbspheriep
asreceived particle surface, (e) BM2 particle frr
green arrows indicate particles fractured along

particles fractured through grains.

The LLZO samples prepared by attrition milling
milled samples, with the powders generally displ
ratio of 1: 2. Asr eochesievrevde dp oiwd etrh eoAdds: 5 G/t £.d5 (al )b i dm
di str i bFdtgidatec) nand (f ), with the | arger particl
powder in AM25Bi, gl BEédyst rsehtoewvk di m hi gher degree of
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rati osi ofli dfartBagnngent s forfamptowagocaraaokaamgyg opposed to
ot her sampl es, which had aspgedithircat vagsecaf |l mpmono

rounded, iimtde rcqactida ancgk am g

_-‘.‘" ¥ 4 " - f&a ,:

% 1 N

Fi gab®EM i mages of LLZO powder attrition milled
RPM 0.5h (AM350/0.5), (c) 350 RPM 1.5h (AM350,

AM350/ 0.5 fragments, (f) AM350/1.5(1).

Fi gumker es &SrEtMs i mages il lustrating the morphology
three dist-minlcti nagttecondioni ons: 250 RPM for 1h (
(AM350/0.5), and 350 RPM for 1.5h (AM350/1.5). T
i ntélrlee conditions exhibit a morphology ialgin to
t hr ougho wtdgega.i nisn contrast, the | arger particles
shapFe.gdr/fehows that the smaller particl,asndtend t
aggl omeration has occurregdlitrh oaulglh tlheea sdr ywhneinl Ime d
Na.

LLZO powder was milled at Johnson Mat t8the w nusirng
ami pdtNmosphere and analysed utilishtmipe SEMac Whmitr
of the powder s ocicuntaenedd tgrrher mausgahr nbdoitthhdeaerdk bgyr e e n
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arrow and | i gihnt FirgewerAd ang®wde this is the clear
homogeneity after 8 hoursatofosnpihlelriensg f or both ai

Figdire-Asceived LLZO dry milled at 2150c)RP8 (ian) alil
(d) 8h in N
Overall, the particle morphol ogies remained si mi

with the primartylgedigdretriemicee si ze.

4.2.1.2.2 SEM particle size

The range of particle siwameaButrked odilrled|  YLB® S
as describerA gunBeBo®s2alhi stogram plot of the per
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bandsai thOm bin width. For all milling conditic
l ess than 10eb®mivetdepawder hadl®90m % arfge,arwiitchH e
even spread of particle sizes &tpgpa8sThhe £$30cOmt
to the data provided by Méareu fMadittugrisndmer tand hleo srl
specified in section 4.2.1.2.1.

8 ~0.46
cu Hm
> 7 .
o ——As recieved
o
6
O —BM2
)
Q 5
%) _—
D BM24
x4
= ~ —AM350/0.5
Q 3
Y
S —AM250
) 2
o
c —— AM350/1.5(1)
1
2

0.1 1 10 100 1000
Particle size ( pm)

Figas@raph of percentage in 0.1 Omasgmal hiedse si ze
receipvoevdd er s determi ned t hrtohuegsht | B lEMe dal cng ®if d e |

Mastersizer.

The shape of t he par i glledt a1 zaeshahci esipvoegdi @m was

noti ceablyonddtrfeedtennet ot her sample types. This wa
particle sizes but al so duyuree stud taiwmeg ed phrueta ds hoofr tt h
ranging -lo&vedmoOwist h a 1. 9% as Maxsmwamspealpeichiedns
the | imited representation that the SEM can act
comparison to the smaller particles. As a result

|l arger particles.

Unli kertbeiasegd powder, BM2 exhibited a more conc
thelodo Om range. BM2 had dafpaer i ioeve8é n pehicent agge
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Thi $ kel yf rsdotrestss ener gy being introdobeedckfiomteo rteldau c
t heegree of fr acrteucreinygedi npotwwdeeras This trend rea:
Mastersizer dat a, where-lBM3esteppasentcs et e oa .
AM3501/5(1), which were det eompradd et ¢t-nbaehiev éadr g
powdeRFi ghiBeendereexpected to have a simi Faguagarti cl
reveals that 89. 1% of the AM3SWhi/cHh( b)) gma rftiicalngd )
the perceived particle size of the powder. This
particle sizes, such as BM24 (98.7%) and AM250 (

FigdmBkemonstrates that BM24 and AM250 samples e
pl ots were characterised bwi tbheitnhge rgerl eaadtievsetl yc a mac
particle #®iAdematf o0. ot h samples. The primary d
t hat BM24 is slightly wider and taller. This co
D50 values determwhiedh byhdwet I5&tM BM24 and AM250

particle size at 1.39 Om and 1.05 Om, respecti ve

On the other hand, ,atnhde ABMB5,0/ AMPBFA/)0 .p9 ot s demons
intensity alongsi de awhwiimddéesru Istpax etaidg lnda op@Bari egdh &5
to BM24 and AM250. This is ,ebepeeiahly @3 etv®@l @emtt |
are |l ess tharnesluli nOmdaendsecond highest D50 at 2.
AM350/1.5(1) were determined to have D50 of 1.76
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s S} Mo /’424 444250 4/’4350 %

mD10 mD50 mD90

Figu®e LLZO pnerrdeéecéremmi ned using SEM paasreceil eedi z
powder and BM2/ 24, AM(250)/(350/0.5)/(350/1.5).

Q

Compatihemg SEM me a U rgatenttos t(he Ma sti ggrdaBiez etrh-ed axEaM (
based particle size deter mi natoimprmatrgeide hds MasmecBhi
This is due to the rgdqel StEiMorsiazfe tmeea stue @emeing e h

particles identificempanedhiee <MaFdngeddeng®hi £ resul

in a shift of the D50 to | ower values as the Mas
due to | imitsdiueataer enang &ihmpdra@loirsa@fwhoi ch t herefor
redutbe instrumért sadccuriarciygast aatddeégs ,a hree sDbIOt
values are consistently | ower than their- Master
received LLZO powder, the D50 value was reduce
AM350/1.5(1), it was reduced from 119 G®reto 1.
l'imitations in analysing |l arger versus smaller
si genanfti source of error in particle measur ement
To conSEMdand Mastersizer measurements identify
reduce LLZO powder average particle sizes and i
wi || enabl e more efficient packing of gadtdi cl es

sinteringintHoswased surface area il de rpeawsostetad md |
probabl e.
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Al so, a comparison of the particle sizessindic:é
bet ween the two,aessttihnewoSBHIM vplt aoesde a better esti
particles but struggles more wiMahstlearsg e epga rptriocvli
better insight into the | arge particles, but due

smaller than 0.46 Om.

4.2.1.3 Phase Il dentification

To investigate the stability of the LLZO during
characterised by Ra&EmaXRi g BEh,owasn dt yPEM a | Raman sp:¢
from trheecedsvedbalni Z®adpl es BM2 and ®BtM2rénitlidoend t h
samples Am350/0.5, AM35abhd50Y¥) compér AM3Z5@ he Ram
Fi gbreindicates that each sample A3l cuslpiectirm ¢ i
the pres&£fQceiotl udingcenvtelle LALZ O, wiCtlQlp eaark iomcr e ¢
the surface of the AM25O0c antiilnlge dt hpaotwdtehre .A M2h5e0 i s
milling process also r esZgDstoend tihne tshuer ffa@wremaotfi otnh
identified as a R3imamdp daok athr3®0k0 scampl es with s
also a weaker Ramidn 9@0drahki sati s6 809 Icimreved to be due

(BM24, AM350/1.5(1), and AM250) havinandgreater
providing the elnehgymr aguuriionegd tfhoer mi | | i ng proces
a resultY HtxchhAergkiduring the milling, ,ametalmeé nigs o

it has absfor bre dtavweotnagirsri,de t he foll owing drying p
l'ithium and the accompanying colll®ddleh£sOL at he s
pyrochlore is more prevalent in powder samples w
process, as shown by the dif ffeurretnhceer bieltlwesetnr aB Mz

increasedseocaerggl at.ed with Li | o0oss

XRD of the mill &dgl2ll20 dppeowderised( no pyrochlore pl
consi stent with a thin surface | ayer (on the pi
detection threshold for the XRD used.
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v Li,CO,4
\{ v La,Zr,0,
v
A AM350/1.5(1)
v
v
v AM350/0.5
- v \ 4
)
< v AM?250
> \{
‘»
I3 X BM24(1)
c
— v
X BM2
as-received
v LLZO powder

VA

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
Raman shift (cm)

Fi gabrRraman spaenirld leadfO powarap astrcedaecscei ved LLZO pow
Peaks consi.€Q¢ bt uwi ah rBuwdy( raendd drar ows ) .

7QP a g e



iy M ﬂ & AM350/1.5(1)
R VU O W0 T VY v
A

AM250

Intensity (A.U.)
__
-

J BM24(1)
L A J\ Ja A
S
I l l © BM2
JL A l L A M AN

S 5 = as-received
< N N LLZO powder
- o 1

10 20 30 40 50 60
2d(°)

Fi g2inX¥RD aosihi | LEAO powadmp str®@daescei ved LLZO powder .

To det er ngirnmawtfinfAs@;mmer ochl ore depends aamsrenc ¢l vag e

LLZO powder was dry milUneld kien wiiotthh saaimplaensd nN | | e
dry milled samples showed no2Ziidn cRafmam afal hei d
mode at 1H3a0s0 schnoFwing @@Ehi s i ndicates *fmimmmahe |l parrst ic
surface during the dry milling proces[s]loMWhli ch co
suggested an ZfOe¢frerameaet iioan Lfar om LLZO during wet r
when ball milled at 175 RPM f o-8hidhr,ovadedppauddd c
energy tdekcacasieomhj a process which has only pre

LLZO t6C[1108020] , [ 183Thippd84Hdes[ 1 aBijgher iennmer gyhesys
causing increased Li e j-hecu,shdoin h ¢ hmdmr & rhedtseer ud ii fl fi esre
i's sHadilnce no resting,ipleriiso d oisst iemalmat ritaoinaetrdet h e s i ¢
mi | | pot di,canrdoti ndiresispalt eany | eaching that may
but that i s andomdt a mteidahlylpyo tfhaeuslitsy
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Y,
M J*LSh air
/\/\/\_\J\ ¥ 1h air
W v e "

v 1hN,
100 200 300 400 500 600 700 800 900 1000 1100 1200
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Fi

g2R2e Raman of dry mill edt nmbgZPhendeftomphtrandd B8h

asreceived LLZO powder. ;CebOksomea omwyi @atren tmawiktehd . L i

To
8 h
t h
p o
L L
e X
Sy
t h
i n
Co
(Fi
ev
Ho

pr

further invest iZaxf er mhto ma uo fc etwhaddl riylazhd | | ed f «
b,antl dtkdm in the dr@gifligrhf deonslceTlae BOA&mMan anal
ese piowdgre8showed #ZiGgpybLachl oiC&faordneldi when th
wder i s eX(Qoasierd ftoor 8afsn dl irtetvlieesel ass utllhilbect stthr uct ur e
ZO redgmae nso the | ack of .pelakngseprl idrnyinmgg ogemir
acerbated secondary phaG® arfdaZw@tRaoman wietahk st h
stematically growfCnaiirn dirrFti g@sdi@tinyneswi(tnhd i80at e s

e rate of pir rod roer eeexecyhianngg el i f r o ma ntdhaeu sli n4O tlheet
creaseCn whiechithen results in theasl.L| apse

nsi demiemg atdlwdhi ch t he wet milled powder is dryi
g2R3dé i s plausible that the drying dpuhdsg adcecel
aporaitsopr eaganol and potentially increases an
we vtelri, s woul d be more cons, sagpbsadnong béengo

eval ent -einrertglye nmiildhed sampl es.
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VLi,CO,
4 dayi at 80°C

1 day*at 80°C

F-

1h ;’;\t 80°C

N

/\ 1h dry milled LLZO
v

100 200 300 400 500 600 700 800 900 1000 1100 1200
raman shift (cm?)

Normalised intensity (a.u.)
4_

Fig2Be Ramandrayi INPAO powder before and a%ter bei
dryi ng bfeutrwédedre days.

To establish whaetfthheer L LhZeO swiatkhi nigsopr opanol resul
LazsOrpyrochl-meeei vaesd LLZO powder was added to ||
powder remained in the solvesdt h fé@.r 8e idtatyerb elf RA
water solvents resulted in the formation of py
submerged in the solvent for one day. This 1indi
caushkhe formation of the second@irgnghathki sludoed n
that a mixture dfur paignamddl & haegistoatvieonnt | s,asot a p
this wouldocalkreaemperatures and Thaicsi liiltlau st rtahtee ¢
drying pkt okoenseg oiffisaitcimes ses of pyrodbkeote tohemeat iew
temperatures acd/cHelxemamwmigtely tdeulti ed in the decomp
il l usthiag@®®e i n
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water

Isopropanol

N

intensity (A.U.)

as-recieved powder
N

100 200 300 400 500 600 700 800 900 1000 1100 1200
Raman shift (cm™)

Fi g@2dRamasnpecafraascei ved LLZO powder before and a

water for 1 day.

Considering théeQphecsegteubofthe LLZO samples, Ram
t hat db-git hs achpl esaN mosphere had @gC@tabt maFiegumrce d L
22compatredt hose samplkisg@d | And ainr taii ght( Raman ce
seal the powhletr twumiderc &Il | caused issues in focus
a result, the,svealhewasnadrysk esn coul d (bQp eaackhs eivre d .
these samples may t hesrheciretreer ploes ugiet hodr LdWweO ttoo ai
Raman process aftat mosespbasenigott@gmlLibreecei ved

powder . The Raman spectra of GChpee apko widoerr mesdh oawfetde

mi nutes and that its relative intensity increase

Figadehows that kee®i agrLidOome B&wWmttasin the fo
of .ClQGion the LLZO powder surface. As the time inc
peakarl|ly ,dodbaesernt He®QGp edaaky shas t he highest inte
On the othhieg2isshrodv,s gt dwtf hCIQIIi n -Mi. but e i ntervals di
scanning time of the Ramar asmpec torfe chehitee eadcamadwd & e

the LLZO powder dry milled for 1h. Theceiause f
powder anmoi tkpbpbedder i s that the milling process ¢
the powder was dry milled in air, the jar was a

on the sudfmiclepedidheer showed a smaCQpeakrenstensint

after er@cnhut7e. bwnt ar £ 81 mi nutes when the peak was
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v Li,CO,
M as recieveg powder
—\
37.5 minutes
/\//\/\—\—/\ AL
30 minutes
/\/\/\’\A L
22.5 minutes
M l
W 15 minutes
Y

7.5 minutes
v

Intensity (a.u.)

100 200 300 400 500 600 700 800 900 1000 1100 1200
raman shift (cm1)

Fig@2be Raman of LLZO powder dwagmenas$ leedfiiomut8& hou

intervals when exposed to ambient air conditions

4. 2.1.4 Further PhaBRS Aanmd yRB by SEM

Backscattered electron (BSE) imaging of t$&ie mill
reveal ed iakeplsaetceondary phase with daakeirl lcontmrats
i Figee ) , indicatingnambemwephawver aGke Zmor phol og
was cawiivlkery high aspect ratio platelets. To aioc
phase, -kinepgrysayespiKectroscopy (EDS) mapping was
Fi g®rfeb) and (c) . The results indicate that the
mi niamarldlparesendéde EDS secondary phasee Ahopees é&mn o

which indicates that Li is the only viable cati
includes LC@Hueantdo LLLZO reacti ons, wietshp ¢ndaSilsyted rye
[16],. [Mi2gdtiekecondary phase also appears to be
part,jimldexati ng that it is not a precipitation r
powder .
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Figeaobea) BSE i mage of a secondary phase in the L
of Oxygeont@omabksanER® maps of (c) Carbon, (d) Lant

and (f) Zirconi um.

Ther Xy diffraction (XRD) patterns of AM350/1.5(2
peaks &an@08iBn 4t he LLZO powdrergsriiueabi Ebhog@hdei n

is currently unknown why these occur only in th
BM24 (1) co,mrst entipdritnsgy parameters are identical
the two AM350/1.5 is the particle size due to i
section 4 . 1. On the ot her hand, the only not ed

pr esenchee osfecondary phase.
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$unidentified peak
BM24(2)
=
< AM350/1.5h(2)
2
2
3 Jt L2 JL}J
£ as-received LLZO powder
= &  F1g 8 g I
g « 2= L ©
)
; J ; LI . = _IJ LIA.}IL .AA' ) ..._I A {
10 20 30 40
2d(°)
Fi g@2i78RD tohfznd set of milled LLZO powdmpatdeedcri b

t hes eceived LLZOI powdeons Tofeha he pembomkidad ewi t h

arr ows.

Compatihmgdata fromFED@heampiFKRR(IJECRi s excluded
due to t hedtpmdeiefnice XRitDhlgsas ke damd esence of Car bon
phase. On the other hand, LiOH is a possibilit:y
det ebtyed he EDS. The Presence of LiOH becomes mo
phase growing frommndei L LKZOo wmrtta cfloersm i[nl@lh,e pr
[ 1.Tlhis would al so prowihde td dp gktlea npde acdbe sreeca £an i n
AM350/1.5(2) and BM2h(Ee2) pbhivMderdcts berctaiee SEM ana
powders was significantly delayed compared to Al
the powders being exposed to air fobecanhemrger p

i nt.€Qwhich potentially caused4ifklRaséreakdown of 1

Fi g@2®sehows the extra peaks with pot e@tainadbOLiimpur i
This shows that the seX@ondar O, gH ansioen & so fn eti hteh epre alLk
On the other hand, the [001] and [101] peaks o
unidentifiedapelaB .r®&s RdOctsi vely. Therefore, the
the secondary phase in the LLZO BM24(2) and AM3
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Li OH, <consistent -rmaiyt hsitghneals,t rdoanrgk Q- oXnt rFaisgturien BS
20andect angulliake pdaa mre[.1 9Bmjeln L tl Balllll]lsadl r eported evi
of Li OH secondary phase in ,ahéehgt-m0 o®masdrcd ang
thicknes2s00ofnnl,0Or espectively. These are formed ¢t}
[ 19a3nNd t he r eact0@amdiOdHtlveedeihh el if or mati on mechani s
Li OH exclusively within the BM24( 2) and AM350/ 1
with othesuslampéeBNM24ekhibiting its presence.

¥impurity
Li,0
— 1 1 | N A
- LiOH.H,0
< | T O P ik
> 1 l Li,CO,
7 1 | o . [ i
c
g A T-LiOH
< A A
BM24(2)
| T T | Jul ”
A l J[ A A JL l as-received
10 20 30 40 60

2d(°)

Fi g2BERD of possible impurities coofmptalre dBM24 @3)
received powder . Ad%aintdi cS®2al® me gkd i gtht2@. Wit h ar

4. 2.2 Heat treat ment

The presenceC@fons udrhfeacarlfiace of the ElLg®Dde@arti cl
and the presence of Li OH secondary particles i
samplFag e(ife wi | | affect any subsedurlndgkriodnds ise mtt e
sol vent access to théeobbBBEObI &t hgcehsei tle sHemtckeé i e n
the usage of heat treatments was investigated to
of the milled ImiZ20emowdgWe nhéeshaadreerastaeNdat mospher e
at 000G or 2 hours.

78P age



The heat treat ment of the “Gnidned2hlen®i pomcthen s

effectively re@Qeard.Z3@,r fraeep,dadst iiviellwst rated in t
analysis -bfeahedlirpagwdeo mpatredt ime | aedFLgR2De (

The reducC@Qwasohntici:p@t ggi aal Ly deco@pas8es, at

[ 183], [ b® e M dfel &5moxZad;pyorfodtal ore phase was une:
possibility is that 0@ aldlecwisnprass i t oomebht @ direa tlLe
LaZsOs;cr yst a,lr elf atrttnfii enel.drZdD stihnec ef or mazs0«d s omfotL as h own
to occur befoB8ad] 10p083the[B¥OL| dad8&] f Ulrdashser Li
Previousndwodrdktae 958 used to synt el aszsealphpZOcussn

[ 195]JDue ,i b thmains uncertain if the decompositi
80C. Th2asOlpar esent after milling is Iikely, a thin
as indicated by its pr é&dgn2ade bast moaodte sa s np eRaakrsa ni r
mor phol ogy, therefore, may facilitate faster Kkin
vLi,CO,
vLa,Zr,0,

M v AM350/1.5(1)
W . AM350/05
AM250
W X BM24
W v BM2
/\__/-/‘J\__\ A es received LLZO powder

ntenstyEU )

100 300 500 700 900 1100 1300 1500
Raman shift (cm™?)
Fi gkr9&Raman spectra of mi | I-tede aLtLeZdPCaptb w@l @B dH h ea tN

at mosphere.

Theedtreantidd ed LLZO powders were examined by XRI
Fi gB8Qiendi cat e t h&asO;pae ake aakki $2a8p.rbesent i n hedat BM2 p
treaittedd.0 The annealing Cempebai owe tthfe 83@Ported
°C formation temZel/:a182J, of 1L88&f,IUtali84]c,ur[rledns]l y u
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this has for mednoam hteh eo tBhM2r a Bpuottwidee rise at tr eat ment

were the same for all the powder s.

No diffraction peaks consistent with LiOH were ¢
phase after the heat trEngfat Thfi st corklobOrmaewde
decompositiwmi oof ddewper atbowv2s 85 196], [ 197]

v La,Zr,0,

AM350/1.5(2)

) Ul | R Ty
]

A e

AM350/1.5(1)

M350/0.5

L e

AM250

L “_.ML_AA__a.
L

Intensity (A.U.)
——
.

BM24(1)

7

~
—
N
N~

602)

|
T
TR

T e BM2
j | SR VY et
R as received LLZO powder
sl & 9§ g §
8 8¢ J ‘1 «»1
T 1‘1 ﬁﬁvr |\|’ T‘.““v I‘AM
10 20 30 50 60
2d(°)
Fi gBr0eXRD ad ecejvedl|l ,amdtdryionl |l ed LLlhzZz@Gtpowde

treatamtenB80G or 22h i n N
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4. 2. L2atltice parameters

XRD was utilised to determiasitit hed| 4twiad & dp &lZ®e
powder s, a sF i sgghBrMdnh iiisinl ustt ratt es he L LZO ar elfaetrteinccee
paramel1269Dlii s is the | owest value of trhiellladtic
powdégrmns | udi we cteh v ead p ot @e rjThe cause for the inc

l attice parameters irnfitHacbhba®@et beat hti*bdoedi ba
into the LLZOthatte¢platcreeusset-Oodfgnds wi ®-HOweaker
bonfild0BhHdash (Il ustrates t he tcdev gplreornttontso rd db & thvee
at Tha swhteerseas €)seh oo e swéradlersache towepe o tbobnesd e d

0 the a8d $heemwxytghreensnear[blyO6€]2b sites

nnnnn

10 & N o? &

VoY Q9 rL @ NS O

S PN %& v“\rbb S N
N

—

13.1
13.08
13.06
13.04
13.02

13
12.98
12.96
12.94
12.92

12.9
12.88

Lattice parameter (A)

LLZO powder

Fig@8ne Calcul ated | atti deppdar drheZtOearse Eefe b@.EDF Al
powdem,i | Adelde &atn @& a.tLeZgDo wd € B §@, , R

Comparison of the | atticemphlradebkeZ® peweéeéalt scohas

values greater than 13 j. This suggests that def
the milling and/ or drying proceHsangv@licihs maset t
l'i kely a r ebsHexc hoad Winteme tlhie sampliweeateed, t he | ¢
parameters are al |l ,whidah eidn diobddetedosonm odsditit Ol na n d

LiCQon t he powdrees islutrdfdaienetsegr atbaokofntbethe LLZO
Despite the rei'ntogngt @i batof cehepakiameters donodt
the mihldicating that the prdcewlsi oMasandrartemnadrya ted ¢
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Brugge [dt98mmho researched this wusing focused i
spectromstims)( FI B

4. 2Particle size and shape

The milled powderat owdr ¢é ohea&imove or reduce the
secondary phases, L£LOCIEMswdsd OHs eachdt dianal yse t he
and size bfeahedhpatwders tomicloimparkelL @Dhpotvdhet aas
treatment of the milled powder resulrtgairdl ebe pi
t heampl e, taypewnFiignBrzand&i gwBr3es a result of. surf a
Additionall vy, the heat treat ment exposed the gt

whose averagEigB8gan ,sirze @rrow) icroanmpeatsadd Om 12

which is estimated from fractFurgel 2saur,f awhei st ei na rtrhoe
the AM250 and BM2, respectively.
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FigBrkBM2 (a) SE i mages before, (b) BSE,i adhgeN af't
and AM250 (c) BSE images before’C, (@) 8B whtéee h

arrow shows fracture surface grains, red arrow s

The heat treatment of the AM350/1.5(2), which co
in particle fusion, l eading to s,ame sheoBungdarnef |
33y the orangBeSEarirnbawgses al so revealed secondary
a |lighter contrast and therefor;bowe/l emptoiga lalpyhitciad
contrast can also be present in BSE imaging of ¢
mor phol ogies were apparentFighBéWwbite. abrOmwssi ae
|l i ke hexagorralgBp3aray an ear r(ow) . There are two ma
identity of this cubic pbhCasvbéi cAheotdlidsfornm aue
decomposition & asi OHoBagnuwa thi3omeEgqu atli4donmr especti vel
The issue with this phase is that there is no in
of this decomposition. The Heypamd pbteheDRahgooaabi
which forms from the decomposi tZsO/m sofmobeZ@rodobeab
due to the hexagonal secondary phase and the pr
spark plasma ,asndésedskEkedOin section 6.2.1. 2.

¢0 "QGI0 MOD O i  "O0 Q Equatlioln9
00 ao° Wi 60 Equatligoxn0
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Fi gB3BBSE i mages of AM350/ 1.5(2) (350 RPM, 1.5h
treat metct @8&#Q0 Bl ack arrows show Li OH secondary
cubic phase, cy a hhheaxrargoown ad & mpbhraasneg,e arr ows show

necking/ fusion.

The heat treat ment of AM350/1.5(2) and BM24(2)
from bot-mithedbah |atetdr iBtaiggpiBBe §hi s outcome was e
as Li OH begi ns ,0hoent weeretll G590t dd RO 1 JAfter heat tre;
some AM350/1.5(2) powder was |l eft expos-edkéeo ai
Li OH phases woul d irkeef ogrhna.s eNso welraet eobserwiegluriem t h.
34 indicating that aindhet hehdr milhigi pgogerewéebfsace
of Li OH crystals only in trhet hfeM35t0hdn 5p@2) elaynde

moi sture in the ambient air conditions.
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Fi gBrde Heat tr€at dy, (AN3050/ 1. 5( 2) LLZO powder (a

exposure to air for one mont h.

The heat treat ment of milled powders induces m
roundi ng af(Fd gnBe3ekdrnagnge aarsr coawsr)esult of activate
mechani sms. These processe®sfuaddihlrigtradtdes cati ammi oo f mec
energy and promoti ngsi ntyeriparltliyclsee emondni ntghe ear
Fi gB8miel |l ustrates that the D50 particle size of ¢
formation of |l oose aggl omer at es. This ,whi elspeci
increased from 5.21 to 68.6 Om. The cause for th
to the other powders is unknown. [Ob@wlpiocstsiibs Itihay
t he gr £&Qtceorntlaimi nati on i n t e ghNERDY actdi zatads byt
aid a®.806is is caused by 0@ ntEe®omhp cshi tnednt so fan
causes surface tensi cand hevedre tplaag tpaid teisclteogander
applhinegdulting in I ow levels of particle fusion.
6mi ns and resulted in thendriedudtnigon hef balelakp mwd

aggl omer at es.
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80

D50 particle size (
5 O
o O

N
o

(@)

as received BM2 BM24 AM350/0.5 AM250/1 AMS350/1.5
1)

mas milled mheattreated multrasonicated

Fi gBb@ompa son aahi Itlhed tr e a t8e0@, 2.h, ahhedd tr e a.tLeZdO

powder after ultrasonicated for 6mins.

4. 3 Sunmamadr yconcl usi ons

I'n this vhrnipd&deeyni ldi ng condittoi crestluwer @ het isliizee do |
partiacnldes hese particles were thaeanmndamgl psetdheochaea

and microstructur al changes otfhdtheo @ouwrdedur i ng th

To conthadbest condiLitLiZ®On ¢ of ef fmickliivedy reduce pe
l'imiting chemical changes were achieved Ny milli
at mosphdmgeartiiscul arly i mportant for conventional

particle sizes provide the hitghtpe s bt e8¢ dtdie@sée heéer g

Duringitheng process of LLZO, <crystalline Li OH
woul d i mpact the ionic condsichi @i edg, oéi ther mahero
ofcthar ge <c &fironesr sacotri ng as "iaodb drfruise roni mp att hevalyis . /
potenti al aawbtgs wedet he main cause is believed
which was al so f dunmD, ftoor meaxtalcdenr & aotbesse rnvoetd -i n t he
milled sampl ¢ebatcohkehnpfmeonngyt he milling process w
Due to | iawadisl dml & hetq uri gpmeeinntsy, undet er mined wheth
sol veemmdd t he enferrgm timgpumi | | ing BAbsmatixameobate dt
L aZ 5Os.
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Fur tthlee heat otfr etatememdwder i s expected to improyv

thro
i mpe

on t

Currtr
and
t he
met h

proc

ugh the reduction osCQesluirnmiancegetvhloaayneabhct ©readi
di ment t o demdwicfeisc atoind,c amath dwc triewdiutcyy ng ki nk
he powgdnehriwshut facd in par.ticle rearrangement
ent | imitations in the milling of LLZO are t
drying process. While methods of mitigating

control of the atmaspgdhéehe deeinf§ awahleggde oaes s
ods wemesimsdetentflgrhav sabhredbdser ect | yemombiangbl

esses with anmdoiwitwdmetumalblesst.o obe attempted
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Chapt€ol & sintering of LLZC(

This chapter concerns the cold sintering of LLZ
i mpacts material properties. Cold sintering was
t he capaseiithy ero dé¢ d f er e n td energytefficiency When comparedrte a s e

conventional sintering due to | ower temperature
fabricati-omlsibdat anbalkltery. However, to date, ther
on theiandled i ng pr éoa@meesds nfadrerlilad G . To optimise t|
transient solvent, milling method, particle size
for their effect on the densification of LLZO, f
electrirctaleprofpet he pellet. The results are then
for conventional and spark plasma sintering of L

5.1 Cold sintering methods

Specatof5anhdnlbBydraulic presses equi KEeMd pwietsts he

with a heating jacket, were used for cold sinter
then mixed with either 10 wt % of deitohi $deé waixe
appeared dry and powdery. This mixture was then

stai sltesed di e, a -7p7/r0e sMRuar ewasf &Pl i ed to t he mix
was heat ed5T oa 20®ati n§C/rmetne ddferlsad uteem wassO0Ohel d f
mi nut esicreandt ®ed room temperature. Sotnree aptee d eutnsd ewe ra
at mosphere f°%€r 8 h at 800
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5.2 Resul t s

5.2.1 Cold sintering

5.2.1.1 Cold -senoeevedgpoWwdass using various tran

Cold sintering of LLZO was investigated wusing t
Li ClI , and formic acid. The purpose was to deter
woul d i mpact the pprinopenrteidepedfl ettidms edwlrd 2MalmpCle, a
to assess whether a "eohwent r avti it dvn &/c fdleuixl gdin arhegdeuy ¢ e
t hdroga enproving the conductivity and densificatio
was used to deter mine whertateiro ntihwedr iehHh s re'd &stende cLa

exchange in compari soamdwitthhe rdeefioanei sdeedc rwaatseerd t he

Tabbpresents the relati-vsientdemnag®da nyslwef d eera cthh ec od adme

par amevtherd e using d.i fNetremlty,s otllvee nstasmpl es si nter e

the highest calculated density (88%), whereas !
exhibited similar but | ower f8&bhdt iseid eirredadrLezed
with water ( 87 %) and 5M Li ClI (80%) . Despite th

electrolyt d9blkdiomrgeg 9M% ionic conductivities rapi
bl ocKlongl.at e, t he highest achi esviendt erreilnagt iivse 8d7e.n7s
using nitric acid p29]}Thei st rianndsiiceantte ss otl veetntt her e
sintering LLZO, which Ilikely stems from the inc
in the used solvents, which has been[ 539Wh |t D438
For exampl[éQ2imdti®riand f ofr mOp2rjedeircenti ally dissol

ions. This is due to the dissolved material forr
sites while inhibiting mass transport bet ween t
[ 144]

The | ower denmayya erfestunlet LoifClt he reduction of th
from the LLZO, which may imply that the for mat
i mportant factor in ithheaguwed du.s idhdenfg2niigissafdrilclh2d
the changes in LLZO when cold sintering with bo

Li OH produced a density greater by 3.1% (67. 1% ¢
Li OH i mproved the density and iglbraiiunmgiroivginée dyold
phase,f orheedrueci ng t he Gi bbs free energy of the sys¢
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growt2lB] Thi s may explain the reduction of
acid, as the LiOH would be consumed by the
and water i a neutrakEqesatliboeom reacti on
0 Q0 "GO U KOO QU U OO0 Equatlis
Tab6.€ol d sintering densities of LLZO pellets
Solv¢Press| neati Rel at
Press| Temper . rat el Powd e )
] Solvé¢volug ti me Densi
( MPa] (°C) . type 0
(ml) (min (°C/ mi ( %)
As
770 250 5M L| 0. 0} 60 10 | 82. 4
recei
As
770 250 Wate 0. 0! 60 10 | 88.0
recei
770 250 |[T°TM™ 5. 04 60 10 AS | g1 3
aci recei
To investigate the possriédbddiived olf L4 @ apdwdagr
f or mi acid for four days, observed under
il l ustkFiag e When LLZO powder was mixed with

t hat gas evolved, possi {IQ( pdwees etnha

t o cr daotranalideqgq) COandgquwatlidpd 3]SEM i mages of
LLZO after soaking in formic acid (leaching)
more abundant sEHrfga@8de gJghibi cluggelbts that

the LLZO, resulting in the growth of

di mensions (<5 Om), which is slightly-remealverd
powde®dmY 6 shPiwgBR2en The BSE images reveal
powder sur face. Within the | iteratur e, t he

f or mi acid is the |ithium formate.

0DAQ0 ¢O600COLO ¢ch™@O 0 &0 060 Equatli6pa0
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Fi gB8B6BSE i magesr odei(wgd alsLZO powder surface, (b)

after submersion in formic acid for four days. N
To determine if the surface retained the LLZO s
soaked in formic acid for 1h, and 4 days (to ex

most intense peaks of LLZO may stilcli Bbd& 3ifjeéent i f i
the LLZO reacts with formic acid and forms a sec
formic acid creates a surfacli k@@Lt hambyi sihoenht £s al
conduction at t h[e3.y]fAditrerb dlu daayrsi,es he LLZO is 1in
by the formic aFidBire Thihe XRB inmt been noted w
regarding the interactions of LLZO and formic a
the formation of Li(COOH) caused by thdg 2l0&ddchi n¢
Wher eas SchhphhRécdoenrf iertmead t he pd) esZ@@aesdof hea( sl @at i
of unspecified secondary phases.
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LLZO after 4 days in formic acid

LLZO after 1 hour in formic acid

Intensity (A.U.)

as-recieved LLZO

10 20 30 40 50 60

2 @)

Fi g87¥RD ofeasived LLZO powder after su/ilamer si on

anot her f ®lalmp | e

I n addition to the SEM BkRndQKBD o Rahnbaans nainigaal ycsiids hi:

a strong i mpact on L bh#0,f ewhteir £ aisntitad &fr @ hmdsthiad n

secondary phase i s aertavewint fofr miilkZeOar @ ac maiman | i k
secondary phase would bg) | dubi tvm fhed metwex® ( Lo O CH

0

and fornmi2dBdct de preferenti al |l eachlibg]Tof dbt ehi
Schni edletbid} tehle only paper found that discusses

acid and potenti al secondary pHassedgmplTaee KRdOnt bl
l eached LLZO reveal edlsOt hé as] &t @adi am awfmidanti fie

phase. This secopondcasliywyOpMbashbewpeaks do not correl

and instead may be a formate based on the compa

format e, but thi,asi $sheypyt deonbitrmddcuss possi bl

Comparing XROipgadtYeeerdh sRa((fra g u3re agadiinsetr[a2tQubr]e

determined that the | ithium f or maoné]apshuarseed iRsa nmaont

spectra of rare earth (Ln=La, Nd, Pr) f ormates

spectrum measufFedadd8e Thiet @ ea kisn 18alr ea nadt t Ir®i(Q uct ne d

o), and the 24ple aaknsd a7r8e0 acti®d)r,i bailttedo u gph (tthi s was

praseodymium for mat e ,'aardd 1berdbk aret at409 baurhed t
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asymmetric streftzh&e]3hios RICOOstrates that t he ph
Fig@Beis lanthanumyffor mate (La(HCO

T
O
O o
- water 1 day Oo
> 90
< &
=Y n
BHeQ A e
& Q= = Q 1h formic acid site 1
D2 @ - T
.EIEULLAA\\; 2 O
M LLZO
T T T T T T T T T T T A T n T T

100 300 500 700 900 1100 1300 1500

Raman shift (cm)

Fi gBBRaman analysis of as received LLZO powder b

acid for 1h and drying, and water after submer si

Fi gB8Bceompares the XRD pattern from theompa&lOed oak
t® hmhases noted pb8,4Wamnlgy neotr pahls of | i thium for mat
and secondary piC@sand Ammch Tael InZoh peaks @mer neith
b-LdAI40 which could have formed due to the prefer:e
i n formisc deecsicd i bed when using nif{Bédt,afieB,44s t he
may result fronfatnide Al[ eléblmntisnmajodr Lpeaks of pyroch
LaOswere absent. However, the phase that best mat
is the orthorhombic pol ymor pJ owi tlhandrhlayn umi rf oorr mg
attributed to this phase.
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