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Abstract

Flash sintering is an electrical -disbisted
consolidatidgechnologgndrepresents.  very novel technique pfoducing
ceramic materials, which allows to decrease sengildgessthgmperature
and time. Starting from 2010, when flasty sirgteritiscoveratifferent ceramic

materials with a wide range of electrical propeitiesrhavecessfulignsified.

Up to datehe research on flash sintering has been mainly focused on ionic and
electroniconductors and on semiconductor ceramitke present work,

westudied thigash sintering behavior of a resistive technical ceramic like alumina

also ithe presence of magnesia silicate glass phase typically used for
activatiniquid phase sinterigematerialavere studied by usingfedifit

combinations of electric fieldcwament density. Physical, structural and
microstructural properties of sistmgres were extensively investigated

byAr chi medesd met hod, SBEoMminesceKcR D , XP
spectroscopyightemission and efigcal behavior during the flash process were

studied,awell.

The results point out the applicability cfinfiishg to alumina and glass
containing alumina using eledieichlirexcess of 500 V/cm, allowing an
almostomplete densification anptraturdswer than 1000°C. Different
densification mechanisms were pointed ottwdhe sy st e ms , namel y
flas,si nt eri ngo andgi it éequngod phase pdidastal
containing alumina, respectivelgladseadditiori@ls a significant reduction of
thecurrent and poveiissipation needed for densification, by promoting liquid phase

sintering.

The results suggest that unconventional masspifeerspogna are activated by
the current flow in the ceramic body prmthesery likely attributegbaatial
reduction of the oxide induced by the etecteécdl The hypothesis that the oxide



gets partially reduced durindeBi®Bintering experimentsuigported by several
experimenthhdings.

Finally, stroraffinities between flash sinteringtla&dphysical processes, like
dielectric breakdown, were pointed out.
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1 Introduction

1.1 Sintering of ceramics
Ceramics arfmorganic, nanetallic materials characterized by unique combination
of physical, mechanical, thermal and functional properties. In general, they are
lighter and harder than metals, more resistant at high temperatures, to creep, to
wear and to corrosibespite their inherent brittleness, they can be toughened and
are characterized by high stiffness and mechanical strength, finding many structural
applications, from buildings to refractories, from aerospace industry to cutting tools
etc.. In the last ddea great interest has also been risen by functional ceramics for
they outstanding piezoelectric, electrical, magnetic and biologifaPproperties
Different processing routes have been dkef@iafxtaining ceramic materials; for
example, coatings can be obtained via CVD, PVD, TRD, sputtering methods; porous
ceramics can be processed fregelsakrogel, aerogel techniques. However, the
production of bulk ceramic is much more complfeated¢ehamics are brittle,
hard and characterized by high melting temperature thus they can not be casted
(with the exception of some ZAS refractories) or easily machined by plastic
deformation of cheap removal. For all these reasons, ceramic materials
manufacturing involves powder shaping and a high temperature powder
consolidation process, called sif8grimbe firing process is crucial when
discussing about ceramics; in fact, controlling the firing parameters (time,
temperature, atmosphere) it is possible to change the final properties of the sintered
body: relative density, mechastomhgth, toughness, grain size, electrical,
magnetic and functional prog2r8ks
Sintering is a process based on diffusion, and therefore needs high temperatures
and quite long time (in the order of[Bpumsleed, the firing temperature depends
from the composition of the material; it ranges betwEeB0800or traditional
ceramics (bricks, por c e lempemature epato t he nwa
1900°C for several advanced ceramics. Therefore, sintering is characterized by high
costs, which are both economic and environmental.
In 2007, theur opean Commi ssion approved a A
Available Techniques inGler a mi ¢ Ma n u f4plo this warknthe | ndust
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consumption for differessabd ceramics is summarized. In all the cases, some MJ
areneeded for each kg of final product as sf@blelinOne should consider

that the maipart of the energy is consumed during the sintering process; i.e.
considering the production of MgO refracé8/ NJkg are needed only for

firing, while the overall energy consumption lays betvitéekl B/kgh]

Today the larger part of energy required for the firing process is provided by the
combusti on ouéfied pétoleut gas §ropageaand, butdné) gnd fuel

oi l EL ¢é; whil e heavy fuel oi |, ' i quef.i
and solid fuels (e.g. coal, petroleum coke) can also play a role as energy sources for
bur Mer3$be energy cost of natur al gas i s
firing process require50®M. 2 U for kg of ceramic. The
low but one should consider that only in Italy the refractory production in 2011 was
486,336 tons and the production of tableware wg5]18@20¢k, the energy

cost for refractory production in Italy can be estimated in the order of several millions
of euros. This value is only referred to the energy cost, the &¢heafidogt o

process should account also for plant cost and maintenance. Typically the price of a
tunnel kiln for porcelain/tableware is in the order ¢f 500,@0@ , 0 0 O a.
Therefore, it is crucial, both for economic and environmental reasemgvio explo

ways for reducing sintering time and temperature of ceramics. Among the different
possibilities fieddsisted sintering in general, and flash sintering in particular,

represents a very promising route.

Table I: Energy consumption for manufacturing different class of ceramics
[4].

Material Energy Consumption [MJ/kg]
Roof Tiles 1.90-2.95
Masonry Bricks 1.50-2.50
Porcelain Tableware 4.50-7.00
Vitrified Clay Pipes 6.19-7.86
MgO refractries 3.507.15

10



1.2 Flash sintering principles

Flash Sintering (FS) is a consolidation technology which allows to reduce the
temperature needed for densifying ceramics by hundreds[6f7jidgease

cases the reduction of the firing temperature approachgfJLaddimnally,

in FS experiments the densification occurs in few seconds (or minutes) much more
quickly than in the conventional processes, which usually eqdine hour
reduction of the processing times and temperature by FS is, in general, larger than
what can be obtained using other innovative sintering technologies, like SPS or hot
pressKigurel).
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Figure 1: Typical time and temperature for sintering YSZ using different

technologies. Taken from [10].

The advantages of FS are not only related to the evident reduction of the energetic
and economic costs for sintering. In fact, the reduced sintetitegrtpeeature

could allow to densify outside the equilibrium pidfeniatsaterials showing

undesired phase transitions at high temperature. Additionally, flash sintering can be
very effective for sintering éesatihat produce volatile species, like potassium
niobatd12]Therefore, FS represents a possible route for producing materials that

11



cannot be obtained via conventionalspeocidditionally, the short treating time

allows to obtain dense ceramics with very limited grain coarsening.

Flash sintering is a very novel sintering technique, the first paper on this argument
having been published in 2010 by Cologf] €Sabelongs to the faroil

Fieldassisted Sintering Technology (FAST), where the combination of electric
field/current application and temperature allows a rapid densification.

FS presents some peculiar characteristic when compared withssthdfield

routes like Sparla®ma Sintering (SPS). The main difference is that in FS process
the current is forced to flow within the specimen whereas in SPS the sample is
contained in a graphite die which, being usually more conductive than the ceramic, is
responsible for the curflaw. Hence, the heat generation mechanism is pretty
different in FS and SPS. In SPS the die is heated by Joule effect, then the sample is
heated by radiation/conduction from the die. Conversely, heat generation within the
green specimen takes plaE&jras a result of the current flow. For this reason the
heating rate involved in the two processes are pretty differétEmpinofdi0

SPS, in the order of AW/min for FR3] Actually, the current flothin the

specimen during sintering can not be considered the only discriminant characteristic
for defining flash sintering. In fact, also in many SPS processes of metal powder the
current mainly flow within the metal (often more conductive fidte tie)gra
Therefore, we need to improve the definition of FS.

An accurate analysis of the scientific literature on this topic allows to define flash
sintering as a very rapid sintering phenomenon (few seconds/minutes) accompanied
by a current flow withit he sampl e and by the so call

The flash event is characterized by three phenomenological effects:

i The sample is quickly heated by an internal J§LB1&Fect
ii. The material shows a transition from insulator to-ld@s;id]
iii. The sample starts to emiflifg0]

If these three phenomena occur together, the Flash Event (FE) takes place. In some
mateials like titania and zirconia during the FE als{2igstudenew phases

emersion have been obs§2¢dtHowever, these have been recorded just in two
materials and cannot be considered as a general characteristic of the flash event.

12



The flash event is not strictly related to simigringasm be observed also in

dense specimens. FE has been reproduced also in di§ietergcpraaterials

with different level of densificatiof28pISCR4] YSZ9,25p ) . Of cour s e,
can not talk of flash sintering in this case since the material is already dense.
Nevertheless, if FE is reproducadj@en body, a very rapid densification occurs

and the process can be identified as flash sintering.

Therefore, Wash sintenng is & féeld assidteld sirttering technique,
characterized by a current flow within the specimen and sbowiagic
densification, a drop of electrical resistivity, a quick internal heating of the specimen
by Joule effect and a strong light eission

The experimental set up for flash sintering is not complex and expensive; it is usually
constituted by fonain parts{gure?):

i Electrical furnace;
ii. Power source;
iii. Multimeter;
iv. Displacement sensor.

The green specimen is connected by two metallic wicygciogberpe and to a
multimeter, which allows to record the electrical parameters (tension and current).
The main part of FS experiments have been conducted using DC field, but many
work using AC are available in the scientific literature. The eamtattebetw

green specimen and the metal electrode is often improved by adding some
conductive pastes (like Pt or Agé). The
should be done considering several constrains. First, the materials should be
conductive, should resist to oxidation (most FS experiments are carried out in air)
and it should have an high melting temperature. For all these reasons the material
most commonly used is platinum-atioy®t Nevertheless, for flash sintering
experiments in inerhasphere also graphite or SiC electrodes can be used or, if

the treating temperature is limited, stainless steel, silver or Ni alloy are a suitable
choice. After the sample is connected to the electrodes, it is introduced on a furnace

and heated up utiié flash event is reproduced. The sintering process can be

13



monitored by measuring the sintering shrinkage using a displacement sensor (like an
LVDT26) or making a video with a CCD caigenas).

Different sample shapes have been employedparif®® ts. The specimens

used in the first FS experiments were characterized by a dog bone shape with two
holes at the opposite side of the specimen. The electrodes are forced within these
holes. This shape is quite complex and find limited techppliogitahs;
nevertheless, this is the best choice for studying the process. In fact, the dog bone
shape reduces many problems observed during FS like current concentrations. So,
the samples result homogeneous in thesectimssand the conductivijugon

can be easily studied. The second geometry used in flash expelikaein is bar

this case the metallic wire is wrapped around the external part of the green
specimen. The third used geometry corresponds to cylindrical pellets. The electrodes
are often constituted by metallic disks or grids pushed in contact with the pellet
faces. Also in this case the application of a conductive paste can be very effective for
reducing sparkling at metal/electrode interface or for improving the homogeneity of
the sintered body. Nevertheless, especially if stocky geometry are used (high
diameter/height ratio) current concentrations are very likely to be formed leading to a
norhomogeneous sintering pri¢ess

Although the technology behind flash sintering is quite isitegestation in

much more complex. Many process parameters can influence the flash sintering
behavior. The main ones are summarigglried. The different operative

condition can influence the onset temperature for flash sintering, the densification
behavior and the microstructure. The effect of each parameter will be discussed in

the followings sections of this process review.

14



(a) Amperometer (b) Power Supply
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% CCD Camera

Figure 2: Two possible experimental set up for flash sintering
experiments: the sintering can be monitored by a CCD camera (a) or by an
LVDT sensor (b).

VDT

Alumina Piston Sample

(@) C & (b) (<)

Figure 3: Possible sample shape for flash sintering experiments: dog bone
(a), bar (b) and cylindrical pellet (b).
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Electrical properties of the material
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Current density

Pre-sintering cycle

Operative
conditions for
flash sintering

Furnace temperature

\ 4
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Figure 4: Process parameters that influence the flash sintering behavior.

Flash sintering experiments can be carried out applying the main process
parameters (T, B, id different ways. The two most common experiments are
reported iRigureb.

Figures(a) is referred to a constant heating rate experiment. The electric field (E) is
applied at low furnace temperaturé\t(Buch temperatures the ceramic is an
insulator and very few elamirient (J) flows. For this reason the power source, in

this temperature region, is working in voltage control. Nevertheless, ramping the
temperature the specimen becomes progressively more conductive and J increases.

This stage of flash sinteringeis oftled | stage or incuja®diThe increase in
16



current flow also increases the specific power dissipation (w) within the ceramic that

can be calculated as:

0 0V 1

Now, since the system during the incubation is working in current control, we can

calculate was:

v — @)

where} is the electrical resistivity of the material. Since, in many ceransics
decreasing with temperafioowing an Arrhedike behavior), during the
incubation of FS the power slowly increases. Exceptions are represented by metallic
like ceramics, among them Wé&; MM phases et cetera.

At a certain onset temperature an abrupt drop of elstivibaisedbserved and

the current rises. The system switches from voltage to current control, reaching the
maximum power dissipation. This is referred as the flash event or Il stage of flash
sintering 9] During this stage the highest power dissipation are reached and the
sample undergo to a thermal runaway of Joule heating. In this stage the densification
starts and extremely higher sintering rates ard. dbiaitne underline that the

onset temperature for FS is in almost all the cases much lower than the conventional
sintering temperature; thus, resulting in an anticipate sintering phenomenon.

After that the system reaches the current limit, thee@ldsdeaching an
equilibrium condition. When the field is stabilized the 1l stage or steady stage of FS
begingl9] Now the system is working in current; ¢batedore, the specific

power dissipation (w) can be written as:

0 0. 3)

During the third stage, a residual densification can be still observed but the sintering

rate progressively decreases.

17



(a) (b) T

T,

onset
temperature

=

'
T

11l stage: time incubation time time
| | steady Stage

S S

| stage:
incubation

Il stage:
flash event

Figure 5: Electric field (E) and current (J) evolution during constant heating

rate (a) and constant furnace temperature, Tf, (b) flash sintering

experiments.

Figurés(b) shows the second most used experimental set up for FS. In this case the
furnace is at a constant temperature. Once that the power supply is switched on the
current start to flow and, even if the furnace temperature is constant, J progressively
increases with time. This behavior can be observed only if appropriate field strength
is used: if the field is too low J remains constant. Also in this case an abrupt drop in
electrical resistivity is observed and the flash event takes place. iBherefore, it
possible to define again three stages: first the system works in voltage control and
the current slowly increases, then the flash event is observed, finally the system
reaches a new equilibrium in current control. When the isothermal flash experiments
are conducted the most significant parameter to define the material behavior is the
incubation time, which is the time needed for the system to switch from voltage to
current control. The incubation time is of course related to furnace temperature and

appied field28] this will be discussed in the next sections.

1.3 Proposed mechanisms for flash sintering

Starting from 2010, when flash sintering was discovered, hef attentio

scientific community about this technology has constantly grown and the number of

papers published on this argument have risen year by year. The reasons for such
18



interest are mainly technaldggn; an industrial application of FS would allow a

drastic reduction of sintering costs, energy consumption esnidsios.
Neverthel ess, being the process very @fr
light emission, electrical properties, new phase formation, textavestinoal
mcostructuresé) al so a | ot of scientifi
interpret and explain the phenomenon. With this purpose different mechanisms for
flash sintering have been proposed.

All mechanisms start from the assumption that fog digqghirsimtering one

should explain both charge and mass transport. Charge transport can be either ionic
or electronic, depending from the structure of the material, its purity or from
temperature. However, it seems reasonable that the extremeéhg hiafesheat

obtained during the flash event are unlikely to be due to ionic conduction alone.
Probably, a dominant electronic contribution to Joule heating can be pointed out, as

a result of a massive electronic scattering. Conversely, mass trarssport involve
diffusion and atoms movement from the surface with positive to negative curvature.
Probably, the simplest explanation for flash sintering is based just on Joule heating:
the sample is heated by the current flow and for this reason botiuedtictnic

and diffusion are enhanced. At this p
temperature upon FS high enough for justifying a such rapid densification? Is the
sample temperature enough high for jus
These are still opened questions and will be more in detail discussed point by point

in the next sessions.

A second mechanism that has been proposed is based on the selective Joule
heating at grain boun@&®1] Grain Boundaries (GB), in fact, presents features
different from the bulk: different diffusion kinetics, sppcar ge f or mat i on
these reasons one can imagine that the grain boundary temperature is higher when
compared to the grain bulk . The local heating at the interparticle neck or at the grain
boundary could increase the diffusion processes antiodersifittzonally, the

formation of a liquid phase at the GB could enhance electrical conductivity and
increase the sintering rates, providing a fast diffusion path. The presence of an
interparticle liquid phase would also generate capillarity Stepested dsy

Chairf80] He calculated that, assuming 100 nm alumina patrticles, the capillarity
19



stress would be 27 MP430] this stress is indeed higher than the sintering
stresses and comparable to the load usuaty dyming SPS processes. This

would provide an additional driving force for densification.

The formation of a local liquid film or temperature gradient between GB and bulk are
a very attractive hypothesis. In fact, they could also explain som#asicrostruc
obtained via flash sintering: the ceramic can be sintered up to nearly full density with
submicrometric grain[6i8234] In addition, previous works have shown that in
monolithic YSZ specimen the application of a weak DC electric field results in a
retarded grain coalesci8&eGhosh et al. have proposed that if the grain
boundary is hotter than the surrounding regiaulthiead to a minimum of the
interfacial energy (). This could be explained considering the Gibbs energy

associated to the grain boundary:

i Yo WY )

where"O andY'Y the excess of enthalpy and entropy associated to the GB.
Thus, if the temperature is higher at the GB a minimum in the interfacial energy is
achieved. If the grain boundary moves, towards colder wegitthincrease in

this reduces the drivingeféor grain growth.

The effect of a liquid film formation on grain coalescence was studied by Narayan
[36] He demonstrated that in case of selective melting of the grain boundary the
driving force for grain growth is reduced almost to zero. This should inhibit all grain
coalescence phenomena.

However, it seems quite hard to statertifigasigtemperature differences can be
present in case of micrometric or submicrometric grains. This was confirmed by
Holland et al37]who showed, via numerical simulation, that the temperature
gradients are very limited in micrometric scale. Additionally, they demonstrated that,
although some gradients are formed in the early stages of flggistiafterng
interparticle neck formation), these should be removed in fraction of second

(depending from the particle size). So, it seem that significant temperature

20



differences between grain boundary and bulk are not the crucial mechanism behind
flash sitering.

The third mechanism involves the formation of Frenkel pairs within the grains during
the flash evg6t3840] Also, a thereof model based on nucleation theory has been
developed in order to explain the incubation time in isothermal FS experiments. In
this model embryos of material with high dielectric constght trééhfurmed

under E field application, as a result of dipoles vacancy/interstitial associated with
Frenkel defecfdl1] In this way the electric field provides thefahoenipr

nucleation and a critical radius for the embryos, above which nucleus can growth,
can be calculated in nanoniettibmicrometric scil#]

The theory of Frenairs formation was proposed mainly for explaining the rapid
densification and so mass transport. Indeed, the diffusion kinetics are proportional to
the defect population; hence, if one assumes that vacancy/interstitial pairs are
formed this would increasedefect population and the mas transport phenomena
rise. Additionally, if the Frenkel defects get ionized also electronic defects are formed
for balancing the charge and electronic conduction is activated, leading to a drop of
electrical resistance ameducing luminescent effect that can explain the
photoemission. Although, this mechanism involves all the main phenomenological
effects observed during FS, until now, it has found poor experimental evidences.

A fourth mechanism involves the formatimmiatfyeduced structures during

flash sintering. This mechanism was proposed for the first time by D@wns in 2013
and it is mainly focused on oxide ceramics, finding only a poor application to
covalent materials. The formation afypeetiuced oxide is well known and it has

been extensively studied on YSZ using direptZd6Eimhis is associated with

the formation of the s ocaobelalsosobserved!| ect r o
during DES under severe condition of current/treafi@gfififethe material is

partially reduced its electrical properties woul{¥8hlgading to an increase

electronic contribution to conduction or ithemged the activation energy for
cations[48] diffusion leading to 4gonventional grain groJB,49]and

densification phenomeha&. dhange in grain growth behavior was also reported in
reducing atmosphere for different [BOdeq

21



In the next sections we are going to describe more in detail the different
phenomenological effects observed during flash sintering are described in detail and

links with the proposed mechanisms are provided and discussed.
1.4 Flash sintering: Phenomenology

1.4.1 Thermal runaway and Joule heating

The thermal runaway is always occurring during the flash event and allowing an
abrupt heating of the ceramic due to internal heat generation. It was calculated that
during the flash event the heating rate poodtla0C/mir{13] nevertheless,

this value depends on the maximum specific power dissipation set during the
experiments, the material specific heat and other process parameters (sample
shape, massé).

The facthat thermal runaway is the trigger of the flash event is accepted by the
majority of the scientific community. Although the thermal runaway explains why and
when the flash event takes place, it is still not clear if it is the only reason leading to
dendicatiofl4] photoemigm and resistivity drop observed during flash sintering.

The thermal runaway model for describing the onset condition for FS was
independently developed by [Idd@nd byhang [15]and coworkers in 2015.

The model is based on the power balance between elestécal ffmwvheat

dissipated by the specimen. The concept is quite basilar: the flash event takes place
when the sample is no more able to dissipate thgeingzatedl heat by Joule

effect. Therefore, this model is somehow more simple than tidtydblagkope

et al. for describing the incubation of flash sintering as a nucleation phenomenon,
assuming the formation ofth@rhbryos due to Frenkel HitsAdditionallhe

thermal runaway model finds solid theoretical bases on elements that can be easily
determined and measured (like power dissipation, heat exchange, electrical
conductivityé) and it is wvalid without
particularrdnsformation. These reasons are at the base of the success of this
model, which has also been validated by many experimgti#23¢5563

A qualitative representation of the basic idea for the thermal runaway is shown in

Figureb. Figuret(a) is referred to a constant heating rate FS experiment. The red
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line represents the power dissipated by Joule effect as & fhactample
temperaturéY). This curve is rising with temperature; in fact, being the system in
voltage control during the incubation of FS the electrical powerdadissipation (

assuming Arrhenius conduction and an homogenediesrgmrgiiare, is:

® —Aop-— (5)

where W is the power dissipation, V the sample’ valuenpresxponential

constant for resistivity, Q the activation energy for conduction, R the universal gas
constant.

The blue lines repredbetheat dissipated from the sample by radiagian (W

different furnace temperaturds Ifileed, also this curve rises syith Tact,

higher the temperature difference between the sample and the atmosphere higher
will be the heat exchange. téthperature is enough high one can assume that all

the heat is exchanged by radiation and so it is possible to write:

) Y, YUY (6)

where S is the sample surfacéhe StefaBoltzmann constant &andhe

emissivity. AccordiogEg. 6 ramping the furnace temperatase theurve

moves to the right in the pl&igare6(a). If the furnace temperature is low
(dashed line in figuw) and @ curves presents an intersection which
represent an equilibrium condition and FS cannot be reproduced. However,
increasing rlthe two curves becomes tangent; in this casevéhethat is
consumed by Joule effect cannot be dissipated by the sample hsing

always abow® ) and this represent the onset for FS. Therefore, the sample
undergo to an uncontrolled heating process, which is at the base efthe flash ev
The relation between the onset field/temperature in constant heating rate
experiments results monotonical; being the sample treated with larger field flash
sintered at lower temperd@i&4 This is due to the fact by increasing E the in

@ plot inFigures(a) moves upward, so the onset conditemchedrat lower
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temperature. The experimental relation between onset temperature for FS and
electric field is reportefignurer(a) for 8YSZ. One cdnserve that, by increasing

E, a drastic reduction of sintering temperature can be obtained.

Similar consideration can be done for isothermal flash experiments. In this case
w plot do not change its position (being the furnace temperature constant); but
increasing E the curve moves upward and so, once again, an onset condition
can be determined. Indeed, the incubation time depends from the applied field and
furnace tempeture, as shownRigurer(b). Increasing E the area betiveen

andw becomes larger and this means that the net power absorbedléy the samp
rises. Therefore, increasing E the sample would undergo to a more rapid heating,
reducing the incubation time. An analogous behavior can be obtained increasing the
furnace temperature at which the experiments are carried out: gntreasing T
becomesmoe fAdi fficulto to dissipate the in

(a)

(b) w;

Figure 6: Flash sintering onset determination for constant heating rate (a)
and isothermal flash sintering experiments (b). The dashes lines represent
condition where FS cannot be reproduced, the thin continous lines are the
onset for FS, the thik continous lines are conditions leading to the flash.
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Figure 7: Relation between onset flash sintering temperature and electric
field (a) [8]and between incubation time an the applied field for different
furnace temperature (b) for YSZ[28].
The onset condition for thermal runaway is not only depending on the applied field
but it is lao a function of the electrical properties of the tested material, the more
conductive specimens being flash sintered at lower temperatures. This behavior is
quite well known from the early flash sintering experiments and it can be
demonstrated just carmy the flash temperature for different materials
[6,33,39,580] Such relation is due to the ftdti more conductive specimens
during the incubation of FS are characterized by higher power dissipation (the
system is working in voltage control); in this way, the redgrusgeniould
shift upward and the onset condition can be easily reached.
More recently, Pereira da Silvg5#]ahd Dong et §3,54Heveloped more
sophisticated models for the thermal runaway. In particular Dong et al. calculated the
relation between the onset field and tempef&djre as
aE— — 0

7
where Q is the activation energy for condexttienpiset temperature for flash
sintering at a given field (E) and A is a constant depending from the sample
geometry/heat exchangecamdbe empirically calculated. Eq. 7 has been proved
to provide a quite good approximation of the many experimental results obtained in
constant heating rate flash sintering expg#hents
Bichaud et al. studied the heating rate of the specimen during FS of cylindrical

pelletés6] In this casthe heat is not only dissipated by radiation toward the
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environment, but significant heat loss could take place by conduction through the

metallic electrodes. They calculated the heating rate of the specimen as:

— - — Q-Y Y Q-"Y Y (8)

where C is the sample heat capacity for unit of volume, r the sample radius, h the
specimen heighlQ and'Q are the are the heat transfer coefficients at the flat
surface (in contact with the electrode) and side surfacelyrespectiv

The key point that deserve to be underlined from Eq.8 is that the heating rate
obtained during the incubation of the flash event is dependent from sample
geometry; i.e. larger samples (high value of r of h) being characterized by higher
heating ratesing the same field strength. This result is in perfect agreement with
many experimental findings. In fact, it has been shown that the flash event can be
reproduced using lower incubation times in large spgegumed())[56]

Additionally, it was demonstratemtnet, working with very thin samples (in the

order of few mm), the onset temperature for FS could increase of hundreds of
degrees with respect to the traditional dog bone ébmetries

The strong relation provided by the thermal runaway model between sample
conductivity and onset condition (field/temperature) for flash sintering can explain

also other experimental results:

i Francis et al. showed that the flash sintepieigatier® decreases by
lowering the powder particle Bigeréd(b))[62] This is linked to the
different electrical properties obtained in the green compacts by changing
the particle size. In fact, due to Van de Walls force the contact area
between particles increases with decreasing pd6Rjlénsibes way
the over potential at the particle/particle interface would decrease.
Additionally, conventional sintering processes are anticipated in the case
of small particles; in this way a continuous path for current flow is easier
formed enhancing electrical conductivity and anticipating the thermal

runaway.
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Although flash sintering is mainly a ptessutechnique flash
sinterforging experiments hawe ksen carried out. Francis et al.
showed that an external pressure applicatib®.(1MPa) can reduce

the onset temperature for the flashFeyemt8 (c)) [63] They

explained this effect as a result of local field enhancement due to electro
chemanmechanical effect. However, an external pressure application
could enhancket quality of the particle/particle contact and reduce the
temperature needed for particle welding; thus, allowing an increase in
electrical conductivity and reducing the onset temperature for FS.

The sintering atmosphere (oxygen partial pressurepreducing t i al é)
can change the defect population in oxide ceramics. This has an influence
on electrical conductivity and so also on the onset condition for flash
sintering. The atmosphere effect on flash sintering on ZnO was studied by
Zhang et aJ64] They showed that the onset condition for FS can be
reduced of hundreds of °C using Ar caitArddphere when compared

with air Kigure 8(d)).They attributed this behavior to an higher
conductivity showed by ZnO in reducing atrf@gpNexertheless,

the ionization potential of Ar is much lower th&D)aif iNrefore, it

is also possible to suggest a partial contribution of an interparticle plasma
formation, which rises electrical conductivity. Further experiments in iner
and high dielectric strength atmosphers) (teuld be needed for an
accurate and definitive understanding of atmosphere effect on flash
sintering.

The use of different electrode materials can influence the conductivity of
the ceramic, changing teebfor the thermal runaway. Caliman et al.
have shown fbralumina (cationic conductor) that Pt acts as a blocking
electrode for charge transfer between the metal and the ceramic; thus,
flash sintering was not reproduced using Pt electrodes. Qonversely,
case of silver electrodes, which allow a more efficient electrochemical

transfer at the interface, the flash event has been observed.
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Figure 8: Sample length effect on incubation time for FS in Al,05/YSZ

composites (a)[56]. Effect of particle size (b)[62] and applied pressure on

onset FS temperature for YSZ[63]. Onset temperature dependence from

sintering atmosphere in ZnO (d) [64].

The effect of the field polarization (.
not been deeply analyzed yet. Dancer collected several data from different authors
regarding the FS condition using AWCafielb7]in 8YZS. Her data, reported in

Figure9, do not show a clear trend. Nevertheless, this point deserves further
analysis. In particular, by using different frequencies in AC it would be possible to
increase the power dissipation as aofethdt effect of imaginary part of the
dielectric constant. Anyway, even if the effect of field polarization on the onset is not
so evident, it can chance the structure of the sintered body as pointed out by
Muccillo et pd7] In fact in case of DC field a partial reduction of the oxide can be

obtained, while it do not happen when ydirig AC
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8YSZ in AC and DC treatments.[57]

So far we analyzed Joule heating as a trigger for the flash event and we focused our
analysis on what is happening when the system is working in voltage control. Now,
we describes what is going on when the current limit isAtetiih gaint, the

power dissipation peak is observed and it is equal to the voltage limit times the
current limit. The product of these two values gives the maximum power dissipation
that can be obtained and so it is strictly related to the makiguateheat
achievable by the system. Then, being the system in current control, the power

dissipated by Joule effect can be written as:
W wv” Agb—.
©)
Hence, according to Eq.¢® decreases with the sample temperature, as

gualitatively shown kigurelQ Therefore it is possible to define a new equilibrium
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condition when the electrical power is equal to the heat Hissipdiation

toward the environm&igyrel0).

This new equilibrium is reached at a sample temperature higher than that at which
the power peak is observed. Therefore, also after the current limit reaching the
sample is still heated. This is due to the fact that after the powes petik the

is higher than . Nevertheless, the difference between the two power decreases
with sample temperatugp €b the heating rate progressively decreases and the
temperature approaches the equilibrium one. As a result of this heating process
after lhe current limit reaching the resistivity of the material decreases and it is
responsible for the decrease of E as repbitedetin When E is sihbed and

the equilibrium temperature is reached the third stage of FS, also known as steady

stage begins.

W;, =V E*/p W, =V J%p
Current control

Wout

Voltage control

Equilibrium

Figure 10: Qualitative power dissipation plot during the different stages of
flash sintering.

Now, the key parameter for describing the system behavior is the current density (J).
In fact, changing J the curveBigarel0 shift allowing to aibt different

equilibrium temperature during the flash.
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A correct estimation of the real sample temperature during the steady stage of flash
sintering is crucial: it would allow to clarify if the temperature increase due to Joule
effect is or not the aelgson at the base of a so rapid densification and electrical
resistivity drop.

A first analytical attempt to determine the sample temperature during FS was carried
out by Rg65]. He provided an analytical expression for calculate the sample
temperaturassuming an homogeneous power dissipation in sample gage section

and that the heat is only exchanged by radiation. This allows to write that:
8

~ N
(10)

where S is the sample surface areéa®n be edyimeasured by multimeter.

Being this relation referred the heat exchanged from the surface by radiation it allows

to calculate the surface sample temperature and do not give direct information of the

temperature in the core. Although Eq. 10 is bagesl appsoximations and the

value of the emissiviyshould be a priori estimated, this has provided in many

cases a good approximation of the real sample temperature during FS of dog bone

specimens. In fact, the results obtained using Eq. 10 wsftélysgooegared

with sample temperature measurement by experimentfl TetBréglie

Different experimental attempts were for measuring the specimen temperature

during the steady stage of flash sintering:

i Park et al. measured the sample temperature by in situ impedance
spectroscofB6] However, this method is based on the assumption that
duringthe flash event no unconventional conduction mechanisms are
activated; hence, it would be possible to compare the impedance
measured during the flash with the conductivity extrapolated in
conventional conditions.

ii. Different authors measured the sampézateim@ousing a pyrometer
[63,6¥69] This kind ofemsure gives the local surface temperature of
the specimen; which, in line of principle could be different from the core.
When using a pyrometer the emissivity of the ceramic is an important

parameter that should be estimated. This is probably th& wkak poi
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this kind of measure, especially assuming that often the emissivity could
change with temperdi0g

iii. Probably the more accurate measure of sample temperature during FS
has been done by XRDr1]In fact, the XRD peak position depends
from the cell parameter which, with an iaprogdibration can be
related to the ceramic temperature.

iv. When reproducing the flash event on dense specimen the sample
temperature can be estimated from the thermal E¥jafbisen
method is not working for flash sintering, where the sintering shrinkage

would hide the thermal expansion.

The last pot that deserves to be discussed about Joule heating regards the
temperature distribution homogeneity within the specimen. If we assume that heat is
exchanged by radiation from the surface it would be reasonable that the hearth of
the specimen was hottiean the surface. Nevertheless, no microstructural
evidences of such e phenomenon (i.e. densification or grain size gradients) have
been reported for dmme specimen. Lebrun et al. investigated the temperature
distribution in dog bone geometry (criss:sk8x0.65 Mmia XRF1] They

observed in YSZ that a broadening of diffraction peak width related to temperature
gradients can be obedrenly if the power peak exceeds 1000 nthiswalue

is higher than what usually needed for FS ofZE@0ni®00 mW/ ninif the

power exceeds 1000 m\W/emtemperature gradient between surface and core
around 100°C can be estimated. Newsitiiele broadening is only a transient
observed during the flash event and it disappears during the lll stage. Conversely,
Steil et al. reported in cylindrical pedets) different microstructures in sample

center and peripl{@B} being the grains larger in the core of the specimen.
Additionally, they observed melted areas mainly located in the center. Their results
are therefore coherent with the presentengfesature gradient in cylindrical

pellets. However, they used power dissipatier2 BROtan\W/nimthis value is

much higher than what estimated by Lebrun et al. for producing temperature
gradients within dog bone spedifignAn analytical model of temperature

distribution during FS was developed by Hewitt et al. for cylindrical pellets;
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considering both temperature gradients imdadiahladirection due to the heat

loss through sample surface and metal electrodes, respectively. Their analytical
solutions have suggested that some temperature gradients can be present during
the steady stage of flash sintering of cylindri¢@aépellets

1.4.2 Sintering and microstructures

The sintering process is conventionally divided into three main stages. According to
RahamdB] in the first stage the particles get welded together via interparticle neck
formation. This stage is activated at relatively low temperature and it is usually based
on surface diffusion or evaporation/condensation mechanisms. At such temperatures
a very moderate densification can be achieved and the distance between particles
center remains substantially constant. It is assumed that the stage finishes when a
relative density -€85% is reached, or when the radius of the interparticle necks
reacheg050% of the particle radius.

At higher temperature bulk and grain boundary diffusion get activated and the
second stage of sintering starts, leading to densificatiet®0&f fbhe

densification is accompanied by a strong shrinkage of the mainribklfased

that the particle centers get closer. In this stage the pores are still quite continuous
and they reaches their equilibrium shape forming the dihedral angles. When the
pores get isolated at the grain corners the third stage of sintealfay/egms

additional densification and shrinkage.

Therefore, when we discuss of the electric field effect on sintering we can divide the

argument in two main parts:

i First, we can analyses the field effect on neck formation (I stage of
sintering)

ii. Secod, we can analyses the field effect on densifidatibag@! of
sintering)

Cologna et al. studied the interaction betfieleh afd neck formation in
3YSZ75] without reproducing the flash event and Joule heating. They conclude that
the neck growth rate is substantially unaffectelyapplication. This is in
other word meaning that the electric field dhone ¢wirent and Joule heating)

do not influence the mechanisms at the base of particle welding, in particular surface
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diffusion. For these reasons it seems that FS can be more correctly classified as
Electric Currefssisted Sintering (ECAS) rathea fialeAssisted Sintering.

Conversely, a very huge effect of electric field/current application can be observed
when the flash event is reproduced, allowing a very rapid densification (few seconds)
at very low furnace tempeféi8r24,68,76]Therefore, the electric field/current

effect on the | stage of sintering is in general very moderate, while it becomes more
relevant when describing the Il and Il stage. In fact, until a reledansityise

reached the field effect are limited.

At this point a good question i s: ils t
enough for justifying a so rapid densi
point has not been achieved wmashimously accepted yet by the scientific
community, also considering how difficult is to obtain a precise measure of sample
temperature during the flash event.

What is pretty sure is that at least a partial contribution of Joule effect on
densificaticzan be pointed out. However, Raj showed that the temperature reached
during flash sintering are much lower when compared with what would be expected
from the measured sintering rate during flash@sijtkripgrticular he showed

that 3YSZ during FSlémsified in3.6 s, while conventional sintering processes
requires soaking time-bh (3600 s) at 1450°C. This means that during the flash
event the sintering rate-1900 times higher than in conventional processes.
Hence, using the sintering emsatéind assuming different activation energy for
densification it is possible to extrapolate the temperature that would be needed for a
such rapid densification. Raj estimated this temperature closé&igut&an°C (

much higher than the sample temperature estimated using Eq. 10 which was
approximately 125[F%} Such temperature estimation is consistent with the
temperature measured from latiiemsan via XRD, which results just above
1200°C when power dissipation of about 100@s\&amieved in the 11l stage of

FS.
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Figure 11: Sintering rate as a function of sample temperature using

different activation energy for densification. T1 is the specimen

temperature estimated using Eq.10; T2 is the temperature needed for

justifying the observed sintering rates[65].

On these bases, being the sintering rate proportional to the defect population, a
mechanism based on fiedsced Frenkel pairs formation was dej@&Rped
41,62]However, up to now quite poor experimental evidences have been recorded
supporting this theory. Additionally, what it seems is that the enhanced sintering
rates are more cutdeduced than figfdluced. In fact, until the current is low

there are no significant field effect on sintering, like it has been pointed out by
Cologna et al. in the early stageq#H] W8hereas, during the flash event when

the current starts to flow, and the field decreases, differences between the
conventional sintering and flash sintering can be pointed out, evenocttasidering J
heating65]

A second Aunconventional 0 mechanism t hae
on the assumption that the material can be partially reduced during the flash

sintering process. This mechanism is mainly focused on oxide ceramics treated
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using DC field. The possibility of the formation of a partially reduced oxide during DC
flash sintering experiments has been for the first time pointed out by Muccillo et al. in
201]47]and it has been in detail discussed by Down[#} R@t&8yan states

that the partial reduction of the oxide would lead to the formation of discharged
oxygen vacancies; that are characterized by a lower activation energy for
diffuss{29] Additionally the reduction of the oxidation state of cations can influence
their mobility during flash sirj#8iAg]the result is coherent also with grain

growth enhancement measured in reducing atriisphgre

One last point deserves to be analyzed when discussing about densification during
flash sintering. This point is focused cont@pt that the sintering rate during

flash sintering cannot be easily compared with conventional processes. This is due
to the fact that the heating rates are completely different: according to Grasso et al.
the heating rate during the flash eventeamhlld0°C/mifiL3] ~ 3 order of

magnitude higher than in conventional process.

The heating rate effect on sintering becomes very important if the activation energy
for the densification is higher than tli@actenergy for grain coarsening; this
resulting in the fact that densification needs higher temperature for being activated
with respect to grain growitu(el?). In this case a fast heating process, like

during FS, allows to reach high temperature, where the densification is activated,
without significant prior grain coalescence. This leads to the extremely high
densification kinetics as a redk dact that the sintering rates are proportional to

1/@, where G is the grain size and n an exponent depending from the densification
mechanisms and usually ranging between [3]andedefore, by some point of

view FS resembles the so ctlkdfirinN@,77] a firing process, yet applied to

different ceran{ie8 80] in which the ceramic specimen is introduced-in a pre

heaed furnace and subjected to a very fast heating.
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Figure 12: Qualitative behavior for sintering rate and grain coarsening

under the assumption that the activation energy for the latter is lower.

One can observe that at high temperature densification is enhanced,

while at low temperature grain coarsening is more fast. In this case we

assume that the sample temperature is homogeneous (grain boundary

and grain core are at the same temperature).

The densification obtained diastgsintering is accompanied by a microstructural
evolution, similarly to what happens during conventional sintering. In this case much
different results were proposed. GhogB®reported that the application of an

Efield, without reproducing the flash event, allowslationetin grain
coalescence. Other authors showed that via flash sintering it is possible to obtain
dense materials with grains in thaistdmetric or nanometric §6&8234,81

or it would be possible to arrest abnormal grgiBBytdartever, this could be

very likely attributed to the short treating time. As an exXaigynlelsis

reported a micrographs of a well di®BX€ tape casted specimen densified by

flash sintering with a very limited grain size.
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Figure 13: SEM micrograph of a dense flash sintered GDC specimen with
sub-micrometric grain size. Taken from [34].

Conversely, Naik et al. studied the effect of a prolonged dwelling time in the Ill stage
of FS on the microstructure evolution of alumina, zirconia and&2nMpesites
suggested that during the flash event the activation energy for grain growth do not
change significantly; nevertheless, the grain growth is enhanced compared with
conventional sintering. Thus, they suggested that this could be related to an increase
of déect population. Also other authors observed abnormal grain growth in field
assisted procesq8s]

The results in direct current are quite complex. In fact, microstructural asymmetry
was reported when comparing anode and cathodesinfefiagh specimens.
Qirj48]and Kim et g9] working with 3YSZ, observed that the grain size at the
cathode is much larger than in other parts of theHigatedid). (This has been

attributed to the fact that close to the cathode the material could be partially reduced

as a result of an electrolytic reaction pushing éfettteoneramic, reducing the
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oxidation state of the cations. This would decrease the energy barrier for diffusion

and enhance, locally, grain boundary [#&&dity

Figure 14: SEM micrograph on a 8YSZ flash sintered specimen showing a
strong microstructure asymmetry (24 h at 1250°C, 50 A/cmz). Taken from
[49].
Surprisingly, completely different results were reported by Zi&jwled al.
observed abnormal grain growth at the anode whewithodadii5] They
explained such a behavior assuming that cation vacancies could be formed at the
anode according to:
(e -0 00 e e
11

Qe o' 0 eeee

12
These reactions increase the cation vacancympaiulaé anode and, being
cation diffusion controlling grain growth rate, this results in a faster grain coarsening.
However, in a recent work carried out on flash sintered zinc oxide it has been shown,
via catholuminescence, that the main defectedhtbydilash sintering in the
crystal structure are anionic vac{gjehang andevorkers also reported that
this asymmetry is much reduced when a liquid phase is added for promoting
sinterinid 5]
An indirect observation of the microstructure, especially the grain boundary structure,

has been carried out in flash sintergd s&imens using impedance
39



spectroscopy. However, the reported data are contradictory. Du et al. reported that
both bulk and grain boundary impedance response are similar in conventional and
flash sintered specini@dy MO Peko et al . swgplest ed th
the grain boundary thickness is lower and characterized by higher defect
concentration than in conventional mggéti&mally, they have showntlieat

specific grain boundary conductivity is higher in flash sintered specimen. Results
consi stent wi t h those provided by M6 P
coworkef87] These results could be explained based on the theory of Frenkel
pairs nucleation. However, the partial reduction of the oxide, increasing oxygen
vacancy population, is also coherent and probably it provides a better explanation. In
fact Du et al. have carried out FS using AC field which do not lead to any reduction,
so they have found strong affinities between flash sintered and conventionally
sintered YSZ. Conversely, M6 Pek o, Liu
sintering experimiewhich lead, even in short treating time to a modification of the

material structure.

1.4.3 Electrical behavior

The electrical resistivity drop is one of the main characteristic of the flash event. This
results in a néarhenius behavior when plotting conductivity or electrical power
dissipation vs. the inverse of furnace temperature. This behavior waslbeen observe
on different materials as shokigunel5

The Arrhenius behavidfigurel5is represented by the region where the power
dissipation follows a straight line (low temperature, right side of the plots); however,
when the onset condition for flash sintering is aeaabedt increase in power
dissipation is observed and electrical conductivity rises.

Raj pointed out that this deviation always happens in a quite narrow specific power
dissipation range (180 mW/m#) even changing the tested material and the
onsetudrnace temperature of hundreds of Celsius[&#gférs confirms that

power dissipation and Joulengeate very likely the trigger for the flash. However,

Raj has also concluded that Joule heating is a necessary condition for the flash
event, but not suffid@sit The interpretation of the electrical data during flash

sintering are quite difficult since it would be necessary an accurate estimation of the
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sample temperature, which is not yet possibléiom adgeneral conclusion
cannot be drawn because in each material different conduction mechanisms are
activated. Nevertheless, some attempts were done; but the published results are not

in agreement each otherds.
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Figure 15: Power dissipation as a function of the inverse of furnace

temperature for different materials. The furnace heating rate was

10°C/min and the sample geometry was dog bone-like, the span between

electrode was 20 mm and the cross section approximately 3x 1.6 mmZ.

Taken from [88].

Yoshida et al. studied the conductivi@® dtihg the DC flash experiment using

a pyrometer for measuring the sample tenjp@lafbey pointed out that the
activation energy for conduction remains unchanged dasingstnggésting

that no different conduction mechanisms get activated. However, they have also
observed that during FS the conductivity rises more than what would be expected
from the temperature measurements (the difference is in the order3)f a factor
Therefore, they concluded that it is possible that Joule heating alone could not
explain the conductivity evolution and other athermal effects (i.e. defect generation)
can be pointed out.[6&jestimated the activation energy for conduction (Q) in
3YZ during the flash using the data form AC experiments f@@driéel in
calculated Q for conduction to be only 0.46 eV; much lower than the activation
energy for ionic conduction. Thus, he suggested ttia Hasinghe conductivity

is mainly electronic. Nevertheless, also the band bap for electron promotion in YSZ is
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much higher than the measured value for activatiof3®dEfgiha et al.

reported a decrease of the activation energy for conduction in titania from 1.6 eV to
0.6 eV, before and after a DC flash, respectively. They have also concluded that this
decrease idue to the activation of electronic conduction in the flash state. Du et al.
measured the electrical behavior of 8YZS during the steady stage of FS in AC,
taking in account also of the porosity evolution during the process. They have found
that the matal, even in the flash state, does not deviate significantly form the
expected Arrhenius behavior. So, they have concluded that FS is process mainly
driven by Joule heating.

Literature results on this point are often controversial. What it isyggeshble to

at least in DC is that a partial reduction of the material can take place rising
electronic conductivity and lowering the activation energy for conduction. A reduction
of Q, increasing the conductivity with respect to the stoichiometrairezie, ha

been observed in partially reducdd3Y $He fact that Du et al. observed a more
conventional behavior carueeal the application of a AC field, which do not lead

to oxide reduction.

1.4.4 Light emission

Light emission is a key point, always observed during the flash event. We can find a
first report about this argument in a paper by Muc¢8l] &hal; showed a

strong correlation between the photoemission in YSZ and tBeCelectric

current flow. They suggested that such a phenomenon could be related to
antiparticle gaseous dischalMere recently, photoemission spectra have been
recorded on different materials in the UV/VIS reffiBh:SYB@ KNQ and

SrTi@ KNQ@ compositef20] The authors suggest that such a phenomenon is
related to electroluminesd&B¢2]]being a result of elechole generation and
recombination during flash siri@jndNeverthelssno further information are

provided indicating which electronic transitions are at the base of the phenomenon.
In addition, if we compare the spectra obtained on differerfiqnattaleé

can observe that they are pretty similar. If the light emission was due to

electroluminescence it would indeed depend from the electronic structure of the
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material; thus, we would expect that differaatsnggeerate different spectra.
This has not yet been observed during flash sintering.
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Figure 16: UV/VIS photoemission spectra obtained on YSZ using different

current limit (a)[18] and on strontium titanate, potassium niobate and

teir composites (b) [20].

Also NIR light emission was measured duringdtashafity $77] The authors

highlighted the presence of two luminesce~1da16 and2250 nm, as shown
inFigurel@a). They stated that this spectrum is not compatible with the Black Body
Radiation (BBR); hence, they provided an interpretation based on
electroluminescence. The authors also arginsl¢hathie linked to the Frenkel

pairs formation: the defect would be ionized in neutral vacancies and interstitials
forming electrboles; those recombination allows the photoemission. Generally
speaking, it seems strange that electronic transitemicbght in the IR; being

their transition usually much more ef@3f9icWe should also consider that

each body, if heated, starts to emit light as a result dfnihentheltmal

radiation, based on black [BayOften the photoemission is scaled from the
theoretical BBR of a factoeccalpectral emissivity, which is a function of the
wavelength. Therefore, the light emitted can present features different from that
would be expected by the black body Rigael7b) compares the theoretical
emission (BBR) and the measured one for a single crystal {§513t5%¥SZ

possible to notice that for low wavelength the differences between the two spectra

are very ging and some peaks can be observed. So, we cannot exclude that what
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was measured during flash sintering of YSZ is just a result of the combination of BBR
and a spectrdépendent emissivity. The specffggunelqa) can be also

compared with the Nernst glower emission; however, very poor correspondence can
be find with the Nernst lamp spectra red8agd in

Finally we can observe, fmurel7a) that the relative intensity of the two peak
changes with the estimated sample terapdteguspectra obtained at low
temperature present a relatively stronger sigraP%® nm, whereas those

obtained at higher temperature show a strongerpE#k atn. This would be

coherent with the BBR theory: increasing sample temperaatientiz iawdi

wavelength would grow faster.

A definitive conclusion on this point can not be drawn; however, it seems that the
effect of BBR on photoemission during FS is much stronger than what until now
considered.
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Figure 17: NIR light emission during flash sintering of 3YSZ (a)[17];

spectral emissivity of 13.5YSZ 1 mm thck single crystal (100) at 1000°C

(b)[95].

1.4.5 Textures and new phases

Textures and new phase formation was observed only on few materials during DC
flash sintering; therefore, we cannot state that are a characteristic of flash sintering.
Nevertheless, the results on this argument are very andrié¢steggrves to be

cited. Texture formation during the flash sintering was described by Jha et al. on
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titanif21] Theyaported that when the field was switched on the relative intensity of
the diffraction peaks immediately changes, and quickly disappears when the field
was switched off. The fact that the transformation is not time dependent suggest that
it is not based diffusion, but it is likelly related to local atoms displacement from
their original position. The results were explained assumiirgltiediergistal

defects get formed and they segregate forming clusters on  preferential
crystallographic orieoteti

Lebrun et al. have studied the formation of a nesupseadoond phase during

the IIl stage of flash sintering §22]Skhey concluded that this phasatifamm

can not be due to the Joule heating. In this case the formation of the new phase is
time dependent, suggesting that it is based on nucleation and growth phenomena
and on atomic diffusion. If the flash experiments are repeated the peak of this new
phae gets stronger, this being probably related to some residual effect of the
flashes on the structure (like crystallographic defects or nuclei efubé& pseudo
phasqPd. The interpretation of such results is still not completely clarified. For
instance it would be interesting to understand if these effects are field or current
induced. In our opinion this point is yet not clear being the phenomena observed in
the llistage of FS when a significant current flows in the system. Additionally, a
comparison with AC flash sintering could shade some light on the process.

1.5 Materials densified by flash sintering

Starting from 2010, different ceramic materials haveebeehtsdlash sintering

(Tabldl). These materials are characterized by a wide range of electrical properties:
ionic conductors, protonic, catian@ electronic conductors, insulators,
composites, semiconductors. Both oxide and covalent ceramics, have been

successfully densified by FS.

Table Il: Flash sintered ceramics.

Oxides Non-Oxide Ceramics
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3YZzS[6,13,14,17,18,22,28,48,62,63,71,86,87,9 USiC[110112]

8YZS[7,8,4%66,72,73,85,92] B:C113,114]
AbO/TZP composiil,56,82] b-SiC[110,111]
AbO3-Y3 AEO12ZrQ eutectic ceranj@s] b-SiC / BC[110,114]
BaCe GOz [99] b-SiC/YAQR15]
b-AbOs[100] MoSi[11]
BaTiQ[81,101] SiC[23,116]

BaZs 1Cea Yo.1Yh 103 [102] SiC / ADs - Y203 [23]
CaCuTiO12[103] SiC / AIB/C-0[23]
CaeMnQ[24,60,68] ZrB[11,117,118]
GDC[3234,59] ZrB/ MoSi[11]
HA[104]

KoNaNbQ [31]

KsNbQ [12,20Q]

KsNbQ/ SITiG20]

(La,Sr)(Co,Fej@4,76]
MgQdoped ADs3 [39]
Mn(Co,Fedu [61]

NE+-doped X03[67]
NiO/YSZYSZ multilayer for SQB&}
N and Moped Tig}105]
SDJ59]

SiC whiskers reinforcec Zr@5)
SnQ[83]

SITiQ[20,58]

TiQ [21,107]

TiQ/ AbOs[108]

Y204[69]

Zn0[15,64,84,109]

ZnO / BD3 [15]

We can say that the only constrains that the material should satisfy for being

subjected to flash sintering are:
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i The materighould have a negative resistivity temperature coefficient.
This allows an increase of current flow when the specimen is heated,
triggering the thermal runaway.

ii. The material should be enough conductive in order to generate the power

dissipation neededtfygering flash sintering.

Recently, this technology was extended to glasses. Mdld@hasteashown

that the flash event can be generated hsiliikedi glasses, with strong
photoemission, resistivity drop and Joule heating. In this case an abrupt drop in
glass viscosity is also observignir€l8; therefore, they named the process

el ecitmdecédesdfteningo.

Such result is very interesting and it has opened new application fields for field
assisted processes. In fact,sitrdes to be pointed out that a large variety of
advanced ceramics and almost all traditional ones are sintered with the addition of a
glassy phase, which provides a liquid at high temperature, responsible for liquid
phase sintering mechanisms. The abrefient of electric fieltliced softening

and flash sintering can be a new research field for ceramists.

On these bases, in 2015 Gorhdlien et al. studied the effect of a moderate field

on the sintering behavior of a caltiminursilicate glagntaining

alumingl20] They concluded that the field application accelerate the densification
of the ceramic; nevertheless, the moderate field application do not reproduced the

flash event in almost altdses.
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Figure 18: Electric field-induced softening in a sodium-silicate glass using
different field strength. Taken from [119].

1.6 Flash sintering and related technologies
In this section the application of flash sintering to geometries different from those
usually studied are analyEegli(e3) together with other technologies based on

similar processes.

1.6.1 Flash sintering of tape casted layers

Flash sintering was applied to tape casted ceramic layers, with possib
application in the field of solid oxide fuel cells (SOFC). In particular, nanograined
GDC tape was densified by flash sjatgriflge material tded well densified

with grain size well belem1

Francis et al. sintered a amtetdrolyte multilayer for SOFC. The multilayer was
constituted by NiO/YSZ anode and cubic elextrolytes. The multilayer was
densified at furnace temperaturessttiam 1000°C. The electrolyte microstructure
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was dense with limited closed porosity, whereas the anode was still porous. Such
microstructure is the ideal one for this kind of application.

Additionally, they showed that flash sintering obviate tlse relatblenio

constrained sintering, consistently with other experimenfa0&h@imgsesult

were attributed to the Frenkel pairs generation within the grains that would allow a
faster relaxation of the shear stresses. For ddtHiiR] demvertheless, oren

also suggest a partial contribution of creep stress relaxation due to the very limited

grain size obtained during the densification by flash sintering.

1.6.2 Travelling electrodes

Probably, current concentration along preferential paths isnatie mfotilems

observed in flash sintering experiments. In fact, current concentration is responsible
for inhomogeneous microstructi®® This is indeed limiting an industrial
application of this technology.

Today, continuous flash sintering systems are Hepedd@wese involve rolling

or sliding electrodes moving with respect to the green specimen. In this case the
contact between the ceramic and the electrode is virtually reduced to a line. The
motion of this line on the specimen, where FS takesysdbe, délasification of

quite large pieces. A possible problem related to this technology consists in the fact
that an interface between a sintered (shrunk) and a not sintered (not shrunk) part is
formed,; thus, the differential deformation could praayeeidahe green body.

However, in May 2015 a first industrial application of FS has been demonstrated by
the UK company Lucideon: they were able to sinter a whiteware floorile 15 x 15 cm

at a temperatur800°C lower than the conventiorjalrbne

1.6.3 Hyper-flash and double flash

Steiland cavorkers named hyflash a flash sintering process with very limited
soaking time in current cont®$]Z3] In this way the system does not have time

for reaching the equilibrium condition typical of the Ill stage of flash sintering. In
hypefflash experiments usually very high power peak are used, in the order of 1000
mW/mihor more, this for ensuring a very fast heating process within a short time.

Hyperflash experiments can be repeated to enhance densification. In this case the
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process is defined as deflddd and it has been proven to easily lead to full
densification in 8YZH

1.6.4 Contactless Flash Sintering (CFS)

In 2015, Saunders andwvodkers developed the so called Contactless Flash
Sintering (CH$)4] This technology allows to reproduce flash sintering using
electrodes that are not in touch with the ceramic specimen. For this purpose plasma
electrodes were used as shown in the skégehdi® The arc plasma carries

the current, through electrons and ion motion, form the electrodes to the specimen.
Being the sample in series with the &igargl9 the current is also forced to

flow within the ceramic, reproducing the flash event. Therefore, the ceramic is
heated both for the contact wathdt plasma and for an internal heat generation

by Joule effect. The obtained heating rates in CFS are extremely high, approaching
20,000°C/nfil 4]

This technology was applied to &1@nd SiC/4s8 composites. The results have

shown an optimal densificatioaCarl SiCiB composites in few secon@s (

sec). Conversely, pure &€ reached lower density. This has been attributed to
sublimation/condensation of SiC close to the pores (T [212D0O0F@)

formation of SiC vapours, constitute ¥ SEi@ileads also to the growth of
particular oriented structures. In fact, platelets SiC crystals have been observed in
contactless flash sintered specimens; their growth hasutednaiptiysical

vapor transport mechar{ith2y

The main advantages of contactlesssifisting consist in the fact that the
material is not contaminated by the physical contact with the electrodes and no
conductive pastes are needed to reduce the contact resistance. In addition, this
system can be employed for developing a continting$sictss by sliding the
specimen with respect to the plasnjaldicOne can also observe that the
extreraly high heating rate achieved in CFS are suitable for densified metastable or

out of equilibrium materials.
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Figure 19: Experimental set-up for contactless flash sintering (a) and a

picture of the used system (b). Taken from[114].

1.6.5 Flash Spark Plasma Sintering (FSPS)

Several attempts have been done for bridging the gap besirerirftasimd

other fieldssisted technology like SPS. In particular, some papers have been
focused on the possibility to use SPS machines for reproducing the flash event. In
this way it would be possible to couple flash sintering with pulsed current and
pressure application.

In 2014 Grasso andnarkers published the first work on the so called Flash Spark
Plasma Sintering (F$PE)] The same machine use@®RS is used also for

FSPS treatments. The basic difference between the two technologies is that the
latter does not employ a graphite mold. The sample is just placed between the two
graphite punches and the current is forced to flow through tHewémgrte a

flash event. In FSPS experiments extreme heating rates are 4eddhed (10
°C/min), so the obtained material might have characteristics far different from the
equilibrium orj@21] If the material is too resistive at low temperature for ensuring
the current flow, a graphitedelbe placed between the punches in order to pre

heat the sample at temperatures at which it becomes conductive. Unlike the
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conventional FS experiments, FSPS is a sssted technology. For this
reason, the specimens are usually pre sintered io endere a sufficient
mechanical strength.

FSPS is a very attractive technology basically for two reasons:

i It allows to produce quite large (tens of grams) crack and defect free
sampldd.17] The sample dimension is actually one of the main limitation
of FS, that is at least partially overcame by FSPS.

ii. It allows a drastic reduction of processing time (98%) and energy
consumption (95%) with respect to coaV&Rifiri 7]

In the last two years many papers have shown the applicability of FSPS at different
materials: Zf117] Si111[116] magnetic materifl22],B.C [123] YSIO7]

TiB [121] Mg@Si[121] Particular interest has been risen about flash SPS of SiC
based materials.fact, it has been shown that during #es fmtoangly oriented
microstructures are foriffigdre2Q, as a result of the high temperature gradients
formed between the core of the specimen and the graphjiel Gjufilcbss

gradients allow crystals growth via Physical Vapor Transport: SiC sublimate where
the temperaturehigher and condensate where the material is colder.

The flash event has been reproduced in an SPS machine alssdyaZapata
coworkers. They do not remove the die like in a typical FSPS experiments, but they
forced the current to flow in theilpn using insulating alumina felt placed
between the graphite die and the pjrii¢hes
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Figure 20: Textured SiC obtained by flash spark plasma sintering. Taken
from [110].
1.6.6 Field-Assisted Sintering Technique (FAST)
FAST is a sintering technology where the sintering process takes place under an
electric field application. Also, SPS is a kind of FAST. Nevertheless, when dealing
with flash sintering experiments it is usually referred to a sintering regime that do no
show the flash event. Therefore, in FAST regime the field is too low for reproducing
the power needed for the thermal runaway.
Although, FS is not observed and Joule heating is substantially negligible the field
application enhances the densificatiiguie2l the two sintering regime are
highlighted. If the field exceed 60 V/cm FS is observed with an almost instantaneous
densification. In the case of lower field strength FAST {ékel pra®T
regime the densification can be anticips20@°@ with respect to commest
process. This behavior, observed both using AC and DC field, has been attributed to
the delayed grain growth observed in zirconia under weak [@R4giRSfigid
fact, smaller grains accelerate densification according -kmdien \g@itering
mechanisr]
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Figure 21: FS and FAST regime in YSZ upon constant heating rate
experiments (10°C/min). Modified from [6].

1.6.7 Flash reactions

Flash sintering has been applied to compagtecpowpacts that upon sintering
react forming new phases by solid state reactions. In particulartifa@ialumina
system has been studied, showing that an ditanaten(AliQ) is formed

during the Il stage of flash sifi@@jdgrheauthors estimated the specimen
temperature measuring the cell parameter by diffraction, demonstrating that a
complete conversion t@i® can be obtained in 5 min at 1250°C. A conventional
treatment at such a temperature would need 300 min oromgietifay the
reactiofi26] Therefore, the results suggest that the electric field application
enhances the reaction kinetie$06ftimes.
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2 Aim of the work

Up to date, the research on flash sintering has been mainly focused on ionic and
electronic conductors and on semiconductors. Only one work has investigated the
flash sintering behavior of insulating materials like high puritdogedl MgO
alumina[39] Nevertheless, many technical ceramics (i.e. refractories, high
temperature material sé) are resistive.
scientific knowledge of this process.

Another point that has not been deeplyamesyiet is the flash sintering
behavior of materials constituted by the simultaneous presence of a crystalline and
glassy phase. Such materials represents the larger part of ceramics market: many
advanced ceramics are sintered with the additionsofoa glasoting liquid

phase sintering, while all the traditional ceramics are characterized by a vitrification
process upon sintering. Additionally, the recent findings on Hiedtried-ield
Softening has increased the scientific interest an this topi

In the present work, we tried to fill part of these two gaps. At first, we studied the
flash sintering behavior of a resistive technical ceramic like alumina, which is widely
used in many applications as pointed out by the huge world produgti®® exceedin
million tons per \@&&7] Flash sintering experiments were carried out on
commercially pure alumina CT3000SG (99.8% pure), manufactured by ALCOA.
Then, we extended our analysis to a common n@recca@ystining both

crystalline (alumina) and glassy (magnesia silicate glass) phase. The experimental
and analytical activity was carried out with the aim to clarify and understand some of
the several mechanisms behind flash sintering.

The aim of this was therefore to extend the application fields of flash sintering to
two widely diffuse ceramic systems and to deepen the mechanisms involved in the

process.
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3 Experimental procedures

3.1 Materials and samples preparation

In this work, low soda reatkalumina from ALMATGSI3000SG, 99.8% pure,

was used. The nominal composition of the powder is répbitdd ifhe

powder is charactediby eb= 600 nm and a specific surface area 7.8 m

Such alumina powder is commercially available and widely used because of its good
sinterability. At the same time it seems suitable for flash sintering experiments
because of the presence of deimaprities, which may enhance electrical
conductivity. Higher purity alumina has already been subjected to FS experiments
pointing out that they are too resistive for triggering the [B&§hAeveme

detailed discuea of the material composition and its effect on flash sintering,
compared with previous experimental[B3ultsi s r £€IlpldDertsificdtioni n A

behavior and microstructural evolution

Table Ill: Nominal composition of the alumina powder used in in this
work.
[wt%%]
AbOs 99.8
NaO 0.03
Fels 0.015
SiQ 0.015
MgO 0.040
CaO 0.015

The magnessiicate glagntaining specimens were obtained by mixing alumina
(ALMATIS CT3000SG) with glass powder obtainegelvimetbbd. For this
purpose TEOS (Sigma Aldrich) and magnesium nitrate hexahydrate (Sigma Aldrich)
were used as precussof silica and magnesia, respectively. TEOS and magnesium
nitrate were dissolved in isopropyl alcohol. Then, an aqueous solution containing
10% NKDH was added, allowing TEOS hydrolysis. The suspension was dried
overnight in oven at 100°C. The ohpainddr were mixed with alumina and ball
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milled in isopropy! alcohol using alumina spheres for 3 h. The suspension was then
dried and calcined in a muffle furnace (Nabertherm P2180) under static air
atmosphere using heating rate of 10°C/min up to 780/&0 &t of 30 min.

The nominal composition of the obtained material was:20§) 8u8ASKO

and 2 wt% MgO. Hence, the glass load in the material was 10 wt% and the
composition was 80 wt% silica and 20 wt% magnesia.

For comparison, following the gmotedures, also high purity silica glass was
obtained and added to alumina. In this case the nominal composition of the material
was 90 wt%286, 10 wt% SiO

The three different powder (pure alumina, nsig@sisand pure siica

containing alura)nwvere then mixed with some water as a hindet¥%g). The

specimens were shaped by uniaxial pressing in dog bone shape at 120 MPa, using
the geometry reporteBigure22 The sample thickness varies from 2.8 to 3.3 mm.

The chosen geometry was substantially the same of that used in many flash
sintering experiments like those repdftgdrél5 unless the sample thickness

used in the present work was slightly higher.

Two platinum wires were forced into the holes on the opposite side of the dog bone
(Figure2?) and act as electrodes. In order to improve the contact between the metal
wires and the ceramic a conductive paste was added. In almost all the cases a
platinum paste (Sigma Aldwels) used. Also silver paste (Agar Scientific) and
carbon cement (Plano GMBH) were used for comparison. Pastes different form Pt

were used in some expetnb FecmodesMateraals r epo

Effead ) .
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Figure 22: Specimen geometry used for flash sintering experiments

(quote in mm).

The platinum electrodes were connected to a DC power supply (Glassman EW
series 5 K\20mA) and to a digital multimeter (Keithley 2100). In this way it has
been possible to record voltage and current at 1 Hz.

3.2 Experimental set-up n. 1

Constant heatimgte flash sintering experiments were carried out using the
experimental agb reported Figure23 In the following we will refer to this set
asinExperiumenhn.allesetln this case, the spe
(Linseis L75) and heated up at 20°C/min. The shrinkage of the sample and the
furnace temperature were recorded at 1 Hz. The DC power supply (Glassman EW
series 5 k\M20mA) was switched on when the temperature, read by a
thermocouple close to the sample, reach@S03D0 allowing a complete

evaporation of the water used as binder before the application of the electric tension.
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Figure 23: Experimental set-up for constant heating rate experiments.

The system starts to work in voltage control in the fat®@028@m. After the

flash event the system switches in current control and the current was let to flow in
the specimen for 2 min. Aftetitbgower supply and the furnace were shut down.
Currents in the rangeiGZ6nA/mAwere used for the experiments.

The electrical parameters (current and tension) were recorded using a digital
multimeter (Keithley 2100). Current density, fieldfandasper dissipation were
calculated taking in account of the actual sample size (assuming isotropic
shrinkage). If these values are calculated with respect the green body dimension

they are defined in the text as fAnomina

3.3 Experimental set-up n. 2
The experimental-sptused for isothermal experiments is regéigedd In
this case the sample were subjected tesiatgrieg cyclerior to the flash
sintering experiments. Differesirezing temperatures were chosen for alumina
sample in order to check the effect of the residual porosity on the flash sintering
behavior of the material: 1250, 1350, 1450 and 1550%€infegpcgcle was
operated in a muffle furnace (Nabertherm) using an heating rate of 10°C/min and
soaking time of 2 h.
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After pre sintering, the specimens were connected by two platinum wires to a DC
power supply (Glassman EW serie$1230R\A) and to a dai multimeter

(Keithley 2100). The specimen was then introduceleiatedpigbular furnace
(Nabertherm P330) at 1200°C and subjected to flash sintering using different
combination of E and J.

An optical fiber was placed on the bottom of theofuraesaling the optical

emission spectra during the flash event. For this purpose two different spectrometer
were usedIR 512 andSB4000 for the NIR and UV/VIS region, respectively. The
data in the UV/VIS were recorded using an integrationnis)endfe3eds in the

NIR the integration time was fixed in 10 ms. The optical response of the system was
properly corrected using a calibration lamp (Avantes, HD2000).

Using this experimentalpethe electrical conductivity of alumBsiat@red at

diferent temperature was measured at 1200°C using field in thel588ge 500

Vicm.

Pre- Sintered Sample,

bl E__—]

furnace

T furnace=1200°C

Spectrometer

Figure 24: Experimental set-up for isothermal flash sintering experiments.
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3.4 Conventional Sintering

Conventional sintering processes weresperarder to study the densification

and grain growth phenomena without the field/current effect. These experiments
were operated using cylindrical pellets (diameter 13 mm;3hinkneshaped

by uniaxial pressing at 120 MPa. The samples wedleirsiatenuffle furnace

(static air atmosphere). The heating rate for all the experiments was 10°C/min.
Different soaking time and maximum temperatures were employed in the different

experiments (reported in the text).
3.5 Characterization

3.5.1 Microstructure

The microstructure of the sintered specimens was characterized by SEM
micrographs, using JEOL 5500 and Jeol IT300. The microstructure was studied on
fracture surface and free surfaces. The grain size measured using the linear
intercept method andeegimg the measurement 12 times. In the case of glass
containing specimens, micrographs were taken also on polished and polished/HF
etched surfaces. The etching was carried out using 10% HF water solution for 25 s.

3.5.2 Phase analysis

The mineralogicahbysis was carried out by XRD on monolithic sintered specimen
using ltalstructures IPD3000 difractometer dhdsOaray source (exited with

30 mA40 kV). A multilayer monochromator was used to $upplietisk The

spectra were collected by mehas Inel CPS120 detector. The measurement
time was 20 min. The spectra were studied rarige #om 10 to 70°.

The peak position were identified using the following PDF files: €#t&ndum 00
1212, spinel @2%1152, mullite ©A50776, silico0271402.

3.5.3 Density measurement

The density of sintered specimens was

according to ASTM C 880 (2006) standard. An analytical balance itbertini

sensitivity 0.0001 g was used. The standard allows to calculate both the bulk density

(mass/geometric volume) and the open porosity percentage (volume of open
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pores/geometric volumeX100). The volume of the open pores is estimated by the

weight diffence between the dry sample and the sample impregnated with water.

3.5.4 XPS

XPS analysis were performed on alumina specimens in order to analyze possible
reduction reactions taking place in the oxide during the flash sintering process. For
this test Krdo AX1 S Ul tra XPS machineraywas wused

source.

3.5.5 Photoluminescence spectroscopy

The sintered alumina samples were studied by photoluminescence spectroscopy
using an excitation radiation of 300 nm and recording the liffbtmethitted

sample in the range-820 nm. The spectra were obtained using the instrument
Jasco FP6300equipped with a 150 W Xe lamp. All the spectra were collected with a
bandwidth of 5 nm.
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4 Results and Discussion

Part of this chapter has been publisined

M. Biesuz, V.M. Sglavo, Flash sintering of alumina: Effect of different operating
conditions on densification, J. Eur. Ceram. Soc., vol. 36, n. 10 (2@58R.p. 2535
-doi: 10.1016/j.jeurceramsoc.2016.03.021

M. Biesuz, V.M. Sglavo, Field tédss&intering of Silicate Glasgaining
Alumina, Cearm. Engin. Sci. Porc., v. 2015, vol. 36, n. 6 (2815)dpi: 75
10.1002/9781119211662.ch9

M. Biesuz, P. Luchi, A. Quaranta, V.M. Sglavo, Theoretical and phenomenological
analogies betweenfflass i nt er i ng and -admima) JeApplr i ¢ br €
Phys. 120 (2016) 145107. doi:10.1063/1.4964811.

M. Biesuz, V.M. Sglavo, Liquid phase flash sintering in magnesia-silicate glass
containing alumina, J. Eur. Ceram. Soc., vol. 37, (2017)71®. 705
doi:10.1016/j.jeurceramsoc.2016.08.036.

4.1 Flash sintering of alumina

4.1.1 Densification behavior and microstructural evolution

The results described in this section are referred to the expeuimanth) set

using platinum electrodes.

Figure25shows the dilatometric curves obtained by applying different combinations

of field strength and current density during the heatingirstarfesh, &he can
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observe that the FS event can be reproc

treated with 250 V/cm is characterized by a sintering behavior very similar to the
conventionally sintered specimen (0 V/cm). Hence, we can dtasinthenfas

can be efficaciously applied to commpucealtprundum if the field exceeds 500

V/cm. The onset temperature for flash sintering is mainly controlled by the applied
field and it progressively decreases by increasing the fieligire2gtHt(is

quite interesting to observe that, using 1500 V/cm, the material densifies at
temperature slightly higher than 900°C.

In general, FS teenature measured in this work is2B0C lower than that

recorded by Cologna on 0.25 wt%dédpg@ alumina (using the same field
strength and similar sample gedB&jtr¥his result is quite surprising considering

that in the present work we used coarser powdeB00chm,eo6k 3000 Nm

compared to 16B00 nm in[39]) coarser powder being typically responsible for
delayed FS phenomgé2hThus, the reasons of the observed behavior shall be
identified in the powder composition. Although the total amount of impurities present
in the powder used by Cologna et al. is slightly higher (0.25 wt% respect to 0.20
wt%)and seem to correspond to MgO only; conversely, in the present work, the
powder is characterized by the presence of different étiogs $gFe-,

N&). This is suggesting that the simultaneous presence of different chemicals allows
to increasalumina conductivity leading to the anticipated FS phenomenon. The
reason of this behavior can be clarified if one considers that the cationic solubility in
corundum is very [[b28 130] the solubility of magnesia at 1820°C being

only 76175ppnf130] This means that almost all magnesia present in the powder
used here and by Cologna is not in solid solution and forms a second resistive phase
(periclase or spinel) that de¢senhance the conductivity of the system. The
simultaneous addition of different chemicals should form a saturated solid solution
for each cation; thus it is reasonable to suggest that in this way the total amount of
AB*substituted by aliovalent iomigl®r when compared with a system containing

only magnesia. The substitutiofr witAlother ions is at the base of conduction in
corundum, increasing both ionic and electronic conduction. Elements with valence
lower than 3 (like 3dC&") act as ettron acceptojk,131nd promote the

formation of oxygeatancig431133] while elements witghler valence (like
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St act as electron dongtsl3ignd pomote the formation of aluminum
vacancig$33]

Figure25 points out also that the current limit is the key parameter controlling the
sintering rate (i.e. the slope of the dilatometric curve) and the densification. In fact,
by increasing the nominal current densityighechinear shrinkage is obtained

upon sintering. This can be accounted by the relation between sample temperature
and power dissipation (Eq. 10); in fact, during the third stage of FS the system is
working in J control and the specific power dissipetézsing with J.

The samples treated with 500 and 750 V/cm show two main shrinkage events. First,
while the system is in voltage control, the dilatometric curves present a downward
concavity (as observed also during the conventional sintsesy prdcesce

the current limit is reached, the concavity of the curves turns upward and FS take
place. One can obsereigure25that these samples are already partially shrunk

(~2- 5 %) when the concavity changes; so the densification phenomena are already
activated when FS happens. This has an effect on the final density of the sintered
body as it will be shown later on.stipafirof the shrinkage (downward concavity)

is partially due to thermal anda$igisted sintering mechanisms. In fact, well
before the flash event and the current limit reaching, the specimens treated with 500
T 750 Vicm are shrinking more thanothagntionally treated (0 V/cm). Their
dilatometric plots cannot be explained only as a result of the heating process, but a
partial contribution of the field on the densification should be highlighted. This
behavior resemble the FAST regime descrilsddexianYSZ under moderate

E-Field, where the enhanced densification is explained as a result of the field
induced lowering of the grain grovithli24¢125]
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Figure 25: Dilatometric curves obtained using different fields (250 - 1500
V/em) and nominal current limits of 2 (a), 4( b) and 6 mA/mm” (c).
Modified from [55]. Modified from [55].
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A different behavior can be observed at higher figld&Q000&m), the current

limit being reached when the furnaeetegterature lower than 1050°C and FS
accounting for almost overall densification.

The density measurements on the sintered samples areFepog& lincan

be easily observed that the material become denser by increasing the current limit,
coherently with the dilatometric curves repBigededs If the current limit is

high, the physical properties are not influenced by the field strength and the material
is substantially full dense. However, in the case of lower cutremttiapplica

density is also partially related to E, the specimens treated with lowé&Cfield (500

V/cm) resulting more densified. This is behavior is based on two reasons:

i. The samples treated with low field {®00V/cm) are already partially
densifiedvia thermal/fieddsisted mechanisms when the flash event
happens;

ii. The samples treated with lower fields are flash sintered at higher furnace
temperature and this results also in higher equilibrium sample
temperature during the third stage of FS atwé&qihg.

ii.

[ ]
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Figure 26: Density (a) and open porosity (b) evolution as a function of the
nominal current density. Modified from [55].

The microstructural evolution was analyzed by SEM, as Fegne@d The
micrographs refer to fracture surfaces observecemrahgart of the gage
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section, where the current density can be easily calculated. One can notice that the
current limit is the main parameter affecting the final microstructure of the sintered
bodies, while the effect of the field strength iskeds Asaexpected from the

previous results, the material becomes progressively denser by increasing the
current limit. The grains are all equiaxial and grain growth phenomena are activated
in the case of high current application. Therefore, the bcatimt sigpificantly

influences the grain boundary mobility, especially considering that everything
happens in just 2 min.

The pores location is also changing: in the case of the specimens treated with 2
mA/mrhall pores are located at the Grain Boundaries (GB) while increasing the
current breakaway phenomena are observed with graipdiesnsigparation.

This is an obvious result of the high grain boundary mobility in the case of high
current applicatiorindfly, the fracture mechanism is influenced by the current
density and it turns from intergranular (low current) to partially transgranualr (high
current). This can be due to the grain béymatay separation: when the pores

are located at the GBftheture is intergranular and the crack propagates between

the grains; but, once the pores get isolated inside the grains, the crack starts to
produce cleavages and transgranualr fractures. Such transition from inter to
transgranular fracture has also Ilobserved in conventionally sintered
ceramidd 34]

The grain size evolution is repofeglLing8 One can observe that, according to

SEM micrographs, the grain size is controlled by the current limit and the effect of
the field is much less important. The pauie28 is characterized an

exponentidike behavior and it was modeled consideringktiemwvediquation
for grain grovi&h

©+ +Agpl,, 0 (13)

where G ando@re the grain size at the end and at the beginning of the process,
respectively,oi6 a prexponential constant relafedhe activation energy for

diffusion across the grain boundary, R the universal constant, T and t the treating
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temperature and time, respectively. Using a very rough approximation we can
assume that the energy for atoms diffusion across the GBrnigl gmplogti
measured power dissipation du#dlzhg FS. H
Electrical behavior t he power gdropsrsonaptal; thus Bg. i3sanne ar |
be reduce to:

o+ Agpl,,.0 (14)

where C is a constant. Moreover, the samples tested in the present work were all

treated with the same dwelling time (2 min). Therefore, we can write:
ot 1AeDp" . (15)

where A is a constant incorporatingd &ithly G can be expressed as:
' 1 A@D" .

(16)

Using the minimisiquare method th@estimental data were fitted according to:

'@ vohgpOT (17)

Although this relation was built assuming some rough approximations, it can provide
a quite good prediction, at least from an empirical point of view, of the grain size
evolutioduring flash sintering. In fact, the blue dashedHigerg&which is

derived from Eq. 17, well fits the experimental data.

70



1250 V/cm 1000 V/cm 750 V/cm 500 V/cm

1500 V/cm

Figure 27: SEM micrographs of flash sintered sample using different
combination of E and J.
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Figure 28: Grain size evolution as a function of the nominal current

density, the dark-blue dashes line represent the fitting given by Eq.17.

At this point the densification and microstructural evolution of flash sintered alumina
bodies have been well characterized. We can undoubtedly state that via FS it is
possible to obtain dense corundum with microstructuralsifedanrde
conventionally sintered material but using treatment temperatures significantly lower
(nearl600 °C) and reduced processing times.

Now the open question is: fAHow much the
can account for the observednmi st r uct ur es ? 0. I'n order t
should estimate Joule heating using Eq. 10 and compare the results with what
expected in conventional processes. Since the difissinkydwn we calculate

the sample temperature for three vBlfllesion a : A&, Gi7eandrO®.rSgch

value are compatible with the tabulated emissivity of alumina, generally around 0.6
[135,136] The temperature calculation takes in account the shrinkage that occurs
during the process; updatecond by second the S an@Més in Eq. 10.

The results are calculated under the following assumptions:

i The sample thickness is considered to be the same in all the gage
section;
ii. Core and surface are at the same temperature during theestefady stag
F971]
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iii. Grains and grain boundaries are at the same temperature of the bulk of
the graid7]

iv. Only the data collected in the second minute after the flash event were
used in the calculation; with the purpose to be sure that the sample
alreadyeached the equilibrium temperature.

According to the assumption (ii) the sample temperature in the Ill stage of FS can be
approximated with its surface temperature. This seems to be a reasonable
approximation for two reasons. First, temperaturelgreglieoteen observed

by Lebrun et al. in the steady stage of FS on YSZ sample via XRD. They measured
only a transient temperature difference between core and-sl0@¢zwifien

the power dissipation overcomes 1000 fn8Uoimtondition can be idensd

an extreme one: in our experiments the maximum power peck was®900 mW/mm
and the thermal conductivity of alumina is nearly one order of magnitude higher than
that of YSZ. Second, we did not observe any microstructural differences, in terms of
grairsize and densification, between core and sample surface.

It should also be underlined that the temperature reached at the end of the process
is reasonably the higher one. First, in this stage the sample is already shrunk
increasing the current densitgluesshigher than the nominal ones. Additionally,
according to the power diagraRigimelO the sample achieved the higher
temperature during thstdigje: in fact, after the power peck the electrical power is

still higher than the heat dissipated by radiation until the equilibrium is reached. This
behavior is confirmed by the fact that the sample decreases its resistivity after the
power peck and fight emission gets strongjdr3 Photoemission during Flash
Sintering consistently with a temperature increase. Hence, the temperature values
discussed in the followings can be considered the higher reached during FS.

Such values for the different combination of Bar& aeported TrabldV. The
temperatures are strongly influenced by the current limit, while the effect of the field
is less important. However, as a matter of fact the temperature is generally
decreasing of some tens of Celsius degrees by increasing the field58@m 500 to
V/cm. This is due to the fact that by increasing the field the sample is flash sintered
at a lower furnace temperature; hence, the specimen reaches the equilibrium at a

lower temperature (Eg. 10). Much more important is the effect of tfaetcurrent; in
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increasing the current from 2 to 6 mkEnsample temperature increases of

200°C or more.

Table IV: Estimated sample temperature [°C] during the third stage of
flash sintering for different emissivity values.

J [mA/mm?]
€=0.9
2.0 25 3.0 4.0 5.0 6.0
500 1360 1459 1513
'E' 750 1270 1408 1494
§ 1000 1223 1288 1310 1367 1410 1505
= 1250 1222 1350 1433
1500 1206 1351 1450

J [mA/mm’]
€=0.5
2.0 2.5 3.0 4.0 5.0 6.0
500 1437 1581 1668
-E' 750 1338 1548 1679
§ 1000 1362 1288 1310 1530 1580 1631
= 1250 1343 1511 1620
1500 1344 1507 1635

These values should now be compared with conventional sintering process. In order
to do this, the grain growth of alumina was studied doing thermal treatments in the
temperature rant@561630°C with soaking time-8&fl2 Figure29).
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(a) T=1550°C T=1600°C T=1630°C

Figure 29: SEM micrographs on conventionally sintered specimens treated

for 2 h at different temperatures (a) or at the same temperature (1630°C)

for different times (b).

Interpolating the experimental data, the relation describing grain growth during

conventional processes was determined as:

" pgpmAP WCXTT® (18)

Therefore, it is possible to estimate the temperature needed at the grain boundary
for obtaining the same grain size of flash sintered samples by conventional sintering
process. This can be donéirong Eq.18 (t = 2 min) with the grain size measured

in flash sintered bodiEgyfre28. The results are summariz&datieV for

sample treated with 4, 5, and 6 mA/mm2; the other specimens were not taken into

account since the grain coalescence was very limited.
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Table V: Estimated sample temperature (Ts) using Eq. 10 (with different
emissivity) and the grain boundary temperature measured from grain
growth process (Tg).

Current limit o o
[mA/mm?] Te[°C] Ts[°C]
€=0.9 €=0.7 €=0.5
4 15081555 13561459 14311502 15111581
5 1630 1410 1480 1580
6 16951733 14561513 15031573 16201679

TableV points out that, generally speaking, the temperature needed at the grain
boundary for explaining the grain growth observed during FS is in almost all the
cases higher than the sample temperature during the process, even assuming a very
low value fdi(ie. 0.5). In addition, the spread between the two temperatures
becomes larger by increasing the nominal current density. Different reasons can be
claimed for explaining the behavior and deserved to be mentioned:

i. The model used for calculating the saneatere from furnace
temperature and power dissipation is simplified since it assumes that bulk
and GB are at the same temperature. Theoretically, the GB temperature
could be different from the bulk because of the presence of space
charges or because fiters a preferential path for ionic diffusion.
However, it is hard to state that significant temperature gradients can
occur in micrometric or-rmidsometric scale. The hypothesis of
temperature gradients within the grain was rebutted by Hdtlend et al.; t
showed via numeric simulation that during FS the differences in
temperature between the different microstructural areas are
negligib[87]

ii. At the particle contact points the material melts and during the FS process
a n ldcalfinelting progress is hierarchical, which assures the preservation
of the local melt, as long as other percolative patharfentiow
exis§30] This theory was proposed by Chaim for explaining the rapid

densification during FS. bk would provide a fast diffusion path and
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meanwhile the liquid film capillarity should generate a mechanical
strength between the particles ensuring a fast densification. This theory is
very attractive and provides a good explanation for théodensificat
process; in addition the presence of a melt at the GB could provide the
fast diffusion path needed for grain coarsening. However, as pointed out
by Narayan the presence of liquid should drastically decrease the driving
force for grain growth, resittiaguppression of GB ni86dn

iii. The current flow accelerates the diffusion. fffioisesan be related to
electrolytic reactions at the cathode and anode producing oxygen
vacancies and promoting a partial reduction of the oxide as described by
Downf] The high lattice defect concentration enhances the diffusion
rates ad the grain growth phenomena. Finally, a partial reduction of the
oxidation state of the cations could reduce the activation energy for
cationic diffusip#8]and eleton trapping in oxygen vacancies lowers
their migration energy bda®dr

In order to point out the current effect on densification, some samples (prepared
folowing the same procedures of the FS specimens) were treated by Fast Firing (FF)
at temperatures of 1600 and 1650°C (soaking-8merg. Z'hese temperatures

were chosen since they are close to the temperature range estimated for the
specimen treateifhn mA/nfrassuming a low valug(@abldV).

The fast fired samples were directly introducetéategmauffle (L&0EH0°C)

using a platinum wire, with the aim to reproduce the abrupt heating process of flash
sintering. Prior Ed-, the specimens werespriered using an heating rate of
20°C/min up to 1050°C, simulating the thermal treatment during the incubation of
FS. After pintering the sample were polished reducing their thickness (t < 0.8
mm); in this way thermal gmégliand the heat capacity of the sample were
reduced ensuring a fast heating.

The fast fired specimens were characterized by densities in thé f6§e 3.47

g/cm, lower when compared with the densities of flash sintered samples (6
mA/m#) Figure26). Therefore, even assuming a low valjetHerdensity
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obtained by FS are higher than what would be expected from conventional
processes.

In this lsapter we extended the applicability of flash sintering to a resistive ceramic;
showing the applicability of this innovative sintering technology to nearly pure
corundum. Additionally we pointed out that both grain growth and densification
during flash &@ming appears to be not completely explainable by
conventional/thermal sintering theories. Therefore, the results suggest that the

current flow can interact with the mass transport phenomena.

4.1.2 Electrical behavior

Understanding the electrical behavior of a material is crucial for the analysis of FS. In
fact, the onset temperature for flash sintering depends from the electrical properties;
being the more conductive powder compacts flash sintered at lower temperature
using the same field. In addition, if a material is too resistive, like high purity alumina,
it can not be flash sintered in an3@hse

The specific power dissipation during the incubation of FS, when the system works in
voltage control, is showRigure3Q At low temperature a lilearbehavior is

expected. In fact, the power dissipation can be written as:

o 00 O ” S (19)

and it can be linearized as:

i 11— = (20)

The plots iRigure3Q even at low T (right portion of the curves), show a certain
deviation from the expected liedavior, i.e. the slope of the curve progressively
increases by increasing the temperature.
At higher furnace temperature a stroligeaoity can be observed, the system
switches to current control and FS occurs.-iiegnbehavior takes pla@wh
the system reaches a specific power densty wW/minThis vale is in the

78



same order of magnitude when compared with data previously reported on other
materia[88]
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Figure 30: Natural logarithm of the specific power dissipation during the

incubation of FS as a function of the inverse of the absolute furnace

temperature (Pt electrodes, J = GmA/mmZ). Modified from [55].

The behavior before the onset for FS is not perfectly linear (as it would be expected
from Eq. 2@)ut the slope of curves (i.e. the activation energy for conduction)
progressively rises by increasing the temperature. Different reasons can account for
this:

i It is weknown that by changing the temperature different conduction
mechanisms can be activaten particular, at high temperature
mechanisms with higher activation energy became dominant, while at low
temperature are more important those with low vEHIG&440]@or
this reason, while the temperature is increasing the slope of the curves,
and so the apparent activation ebheogynes larger.

ii. The power dissipation curves are referred to the green body. So, it should
not be surprising that by increasing the temperature the material will
undergo to some modifications. In particular necks between patrticles start
to be formed pmivig a continuous path for current flow. This should
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progressively increase the conductivity of the system and so the slope of
the curves Figure3Q

The experimental data were fitted in a temperature range of 250 °C before the
deviation from the linearity, as sh&iguieB0for the sample tred with 1500

V/em. In this way it was possible to estimate the activation energy for conduction.
This has been done not only for the samples treated using platinum electrodes; but
also for those treated with carbon and silver pates for comparisesitedhe est
activation energies are: 1.2 + 0.2, 1.2 £ 0.1, 1.0 + 0.2 eV for Pt, C, and Ag
electrodes, respectively. Two consideration deserve to be mentioned:

i. The samples treated using Pt and C exhibit the same Q value, while the
specimens treated using Adepa® characterized by slightly lower
activation energy. However, this difference is not enough for stating that
different conduction mechanisms are activated, especially considering the
standard deviations. In addition, as it will be shown innthéhfollowi
samples connected to Ag electrodes are flash sintered at temperatures
significantly lower when compared with Pt and C, so also the temperature
range in which the activation energy measurement was done changes for
the different electrode materials.

ii. Despite these activation energies are referred to conduction in a green
body and were measured using quite high field, the results are not far
from literature data referred to bulk corundum. In particular the activation
energy for conduction in dense albasnalready been estimated by
Cologna et al.(15.3 e\[B9] Pan et al. (1i%2.4 eV}137] Mohapatra
and Kroger(20 2.1 e141]and Oijerholm et dl. éV)142] It
deserves to be underlined that this good agreement between literature
and measured results is maintained #neefigfd used in the present
work are enough high for activatidigemmeffects on conductivity as it
wi || b e 4dli4 Flash Sirdeend and Dielettric Breakdown

It is possible to observe that the activation energy for conduction is much lower than

the band gap of corundumi (8078 e\[2,148145] Nevertheless, the electronic
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bands are bended close to the grain fiempdaurfaces because therdomge

disordered structure; this could decrease the energy needed for electron promotion
in the conduction band. For amorphous alumina band gap in thieBrahgy 3.2

are reported in the scientific lit¢taByB44,148jut they are, once again, larger

than the activation energy measured in this work. A second factor that affects the
band gap width is the preseri dopants. In fact, in the case of solid solution in
corundum element with valence lower than 3 acts as electrons acceptor, while
elements with valence higher as donors. Nevertheless, also considering different
dopants band gap aroun® 4V are reped in literat(itd4,145Fktill larger than

the estimated activation energy. This is suggesting that, during the incubation of FS,
electronic conduction is not the dominant charge transport mechanism. This is also
in supported by several authors thgtdiatesl out that the electronic conduction

in corundum is activated at high temperature and becomes predominant around
1400°€137,14i7150] Other authors suggested that conduction is mainly ionic and
based on &lidiffusion even at high temperature (up to 880 °C)

Therefore, an important ionic contribution to conduction during the incubation of FS
can be suggested. The problem of diffusion in corundum is quite controversial. First,
a large data scatteringtlier activation energy of aluminum and oxygen self
diffusion can be find in literature and, second, the activation energy measured with
different techniques is significantly different. Probably, the most complete overview
on this argument has been doneusfl32] He reported activation energy for
diffusion in most the cases in the ra8g®/3 measuringuling raditvacers.

However, it is to underline that these measures were carried out at high temperature
(T > 1300°C) when diffusion paths at high activation energy can be activated (as a
result of the high sample temperature). Moreover, it hagrbteat giegrain

boundary presence does not reduce the vajtZf52¢nough for making it
comparable with what is calculated in this work.

Conversely, other authors attempted to measure the energy barrier for Al and O self
diffusion using electrical techniques (i.e. impedance spectroscopy, interfacial
polarization} gemperatures generally lower than 1200°C. The results in this case
are weltomparable with the activation energy measured in this work, fixing Q in the

range 0.82.4 eY137,142,149,158] deserves to be mentioned that these values
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are very close to the-firstciple calculations for Q which lays between 0.7 and 2.5
eV [131,132,156,1580, we can conclude that during the incubation of FS in
corundum the activation energy for conduction is comparable with the activation

energy for selfffusion of ionic species measusesinilar temperature range (T

< 1200°C). This suggests that during the incubation conduction is mainly ionic.

However, it is actually not clarified why so large differences of Q can be find in

literature; especially comparingtracko high temperatneasures (38 eV)

and theoretical calculationd @5 eV) / electrical low temperature measures (0.8

i 2.4 eV). Different reasons can be claimed for accounting these differences:

At high temperature diffusion paths with higher energy barrier are
actvatefll37140] in particular a tsétion from extrinsic to intrinsic
diffusion is observed around I6AHB50°C138]139] At lower

t emper at u ringuriggonfrolledl s sirocturdansitie}I88]

In this case a central role is played by fast diffusion paths like grain
boundaries or dislocations. Oishi et al. have calculated the activation
energy for oxygen-sifiusion in crushed alumina and they have fixed Q

in 1.87 eV, as a resultehijh concentration of disloddis@®js

The large amount of surfaces in the green bodies studied in this work
could lead to dominant surface diffusion mechanisms. Oijerholm and Pan
have estimated the activation energy for oxygen surface diffusion in 1
e\[142] However, also in this case a large data scattering can be
observed and many authors measured much higher M&a¢el &6 Q

In addition, this is not explaining why are sxplatgd differences in
activation energy also in dense samples.

A final consideration is related to the defect chemistry of corundum. In
fact, it is wethown that the points defects like interstitials or vacancies
can inter di31133d45¢|Tte intetadtian risbdsie to the
electrostatic forces acting between species with cdppgeis. This

leads to the formation of a wide series of clusters, and each cluster is
characterized by its own binding ehabigV/| summarizethe main

clusters that are formed in pure corundum (intrinsic)-copedgO
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alumina (extrinsic). Indeed, the materials are much more complex and
other species can interact, since just few ppm are enough for producing
defects concentration order of ntmghigher than those observed in

pure corundum.

iv. As suggested by Tewary, when one considers the activation energy for
diffusion the binding energy between clusters should be taken in
couritl32] For instance, an oxygen vacancies ¢lo$e weould need
energy for breaking the cluster and theditaonal energy for overlap
the energy barrier for diffusion. The measured activation energy is a result
of the sum of this two terms. Thus, the measured Q should be higher than
the theoretical one. The hinding energy het@eendc®in Table
Vlare 1.36 2.15 eV; however, in literature also different values are
reported, up to 3.5 eV.

V. According to Tewamlculations, this should increase the activation
energy for diffusion 6f2e\132] making comparable the theoretically
calculated value of Q and those measured irpcerdiat high
temperature.

vi. The fact that in the electrical, low temperature (T < 1200°C)
measurements the calculated activatioaseasrgn good agreement
with those theoretically calculated could be explained considering that,
once clusters are broken, they are slowly reformed considering the low
sample temperature and the fact that the vacancy motion is mainly driven
by the Hieldapplication.

The next step is now represented by the attempt to describe the electrical behavior
and the power dissipation observed during the third stage of FS; therefore, after the
current limit has been reached. All the following results in #ris deti@d to

samples treated with Pt electrodes.

The power dissipation after the flash event is studied as a function of E and J in
Figure81 Tle first conclusion is, as expected, that current limit is the key parameter
controlling the specific power dissipation during the third stage; while the effect of the
electric field is less important, being the system in voltage control. The second
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conclu®n is that the relation between the power and J is almost linear; while a

second order relation would be expected, according to Eg. 3.

Table VI: Main defect clusters formed in pure alumina and MgO-
containing alumina calculated using atomistic simulation techniques. Data
taken from [133].

Cluster Binding Energy [eV]

o&DO ® 2.59

5 6 & Dqo 4.01
& € WBDG 3.48
E E co®Dm 8 7.07
E 8 ca®Dcw 11.77
a6®Dcw 14.15

¢b Q DO @ 2.72

- 0 "Q DO @8 1.58
§- _ cd "Q Do 2.15
S 5 0 "Q DG®3 1.36
= S ob Q Db & 3.59
i b "Q Db & 8 3.39
il 00 Do &S 1.92
b "&DO 1.65

The deviation from the parabolic relation is obviously due to the fact that the sample
temperaturéy) is not always the same. The specimens treated with high current
are hotteiTabldV, Figure32 and less resistive; this leads to a decréase, of

thus the powarcreases slower than what suggested by the second order relation
reported iBg. 3.
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Figure 31: Specific power dissipation measured during the steady state of

flash sintering as a function of the nominal current density (a) and of the

E-field (b). Modified from [55].

In additiorigure31shows that the specific power slightly increases with E. This is
related to the fact that increasing E the onset temperature for FS is reduced, and this
finally leads to a moderate redoéttbe equilibrium sample temperature during

the steady state of FS. The effect of J and of the furnace temperature (related to E)
on the equilibrium sample temperature is qualitativelfFigho® in

The relation between sample resistivity and applied current during the third stage of
FS is reported kigure33(a). All the data are referred to the second minute after

the current limit reaching for being sure that the specimens reached the equilibrium
condition. As expected, the resistivity progressively decreases by increasing the
current deity, this is a result of the increase in sample temperature with J. The
experimental results were fitted using the minimum square method; the best fit was
obtained using an emissivity equal to 0.65 and Q = 0.94 eV. Even changing the
emissivity in a widage, the activation energy always remains below 1 eV. In
addition, theiesDi. Mm8Lédqgwmal Whé gher §f han
the incubation of FS (0.0092 qgm). One ¢
compatible with electromiclactivity in corundum.
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Figure 32: Current (a) and furnace temperature (b) effect on the
equilibrium sample temperature during the steady state of FS. The
equilibrium temperature is reached when the electrical power is equal to
the heat exchanged by radiation. One should also remember that the
onset for FS is depending from the field strength, resulting the specimens
treated with higher E sintered at a lower furnace temperature.

However, one should also considerdige arhount of porosity is still present on
the specimens treated with low current (i.e. 2) whilarthe effect of pores is

practically negligible on the samples treated using higher current limits (i.e. 6

mAMmNd). In other words, while the resistittiy samples treated with 6 "dA/mm
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corresponds to a fAreal o values3s the res

overestimated, being the real cross section available for current flow reduced by the
pores.

Figure33b) tries to answer to this problem. In this figure the resistivity are updated
taking in account for the pores presence under the $eliovatigre:

i. The specimen density can be approximated with the final density
determined by Archimedes measurements and r&jmute2hiT his
is maning that we assume that the main part of the densification was
completed in the first minute after FS;

ii. The porosity is isotropic and homogeneously distributed.

In this case the best fit was obtained using Q =B 1666V, It deserves also to

be mwinted out that we can compare this value of Q with the activation energy
measured during the incubation of FS. In fact, being the porosity amount constant,
as a first approximation, during the incubation of FS this is not changing the
activation energy.

35 @ 35
a b,

30 8 30 - B,
—= PPl —_ | O Fitting Data H
£ 25 | O Fitting Data ! E 25 | o > i
=) ? Q | + Experimental Data =} g  + Experimental Data |
=20 et ! =20
3 1] 5 5°
E15 % £ 15 [}

a 2
§ 10 - ? & o 210 % @ @ o
51 + 5 1 +
0 T T T 0 T T T
0 2 4 6 8 10 0 2 4 6 8 10
Current Density [mA/mm?] Current Density [mA/mm?]

Figure 33: Resistivity calculated during the third stage of FS from electrical

and geometrical parameters without (a) and with taking in account of the

effect of porosity (b). The best interpolation was given using: Q = 0.94 eV,
€=0.65(a)and Q =0.76 eV, € =0.60 (b). Modified from [55].

The conclusion is that the activation energy during flash sintesedy is redu
thus,changes in the conduction mechanisms can be suggested. Nevertheless, it is
quite surprising that Q decreases: since sample temperature increases during FS
one should expect that conduction mechanisms with higher energy barrier would be
activated.

Some reasons can be advanced for explaining the behavior:
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anode:

A liquid film formation at the grain boundaries could provide a fast
diffusion path for ionic diffusion and changes the band gap for electron
promotion. However, if we look at literature daieatienaenergy for
conduction in molten alumina was estimated to b¢l1610.4 ey

value is still larger than what have been measured in this work.

One can also suggest that the samples treated with low currents are less
resistive than what it would be expected because of the formation of an
air plasma at neck lestw particles. However, this statement do not find
any evidence form the photoemission measures reported in the next
section and in literatL®e2Q]

The presence of electrolytic reaction close to the electrodes leads to a
partial reduction of the material. This could change the electrical
properties and the activation energy value, leading to a mixed conduction
behavior.

Previous works on partiatiyced zirconia have pointed out that this
material is much more conductive and characterized by lower activation
energy for conduction when compared with the stoichiofd&ic oxide
Also the dielectric properties, like dielectric constant and loss factor, have
been shown to be are sensitive to the oxide sto[dblometry

Additionally, it is significant to point out that a decrease of Q during FS
has already been reported also on Y$5[AE) titania (DCP7]
Conversely, Du et al. always working in AC, have observed much more

conventional conduction behavior in the flash state.

An important effect of eddic reactions on FS was proposed for the first time by
Downs for explaining the flash sintering in cubifkifiomiarly to what

suggested by Downs for zirconia we can identify an electrolytic reaction at the

O O prci cQ (21)

and at the cathode:
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w® plcl ¢Q ° ¢ (22)

Thus, the anode acts as an oxygen vacancies source, the vacancies moves under
the Hield effect toward the cathode and here are consumed by the opposite

reaction. However, when the current reaches a certain value at the cathodic site the
reaction, which involves molecular oxygen decomposition, could be not enough fast
for balancing the charge carriers motion. In addition, sintering progressively reduce
the surface at which the reaction can take place decreasing its rate. Hence, the

crystal itself becomes a source of oxygen and a partial reduction of corundum take

place:

To® 6 gQ oo 10 (23)

By combining Eq. 21 anth@3eduction equation for alumina can be obtained:

bW ° s -0 (24)

The partial reduction of the oxide enhances electrical conductivity and is responsible
for the change in the activation energy for conduction. Being fleetiaibterial
reduced the conduction turns from mainly ionic to electronic. Indeed, reaction 23
needs electrons for being completed; thus, it has been reported to start at the
cathode in YBR] Then, the reaction front progressively moves toward the anode

as the partially reduced areas allows electrons motion within the sample. The
behavior, as we will show in alumina, iferdittd

The high vacancies concentration produced via electrolyte reaction and partial
reduction of the cations could provide an explanation for the observed densification
and electrical behavior. All these conjectures are mainly speculative; nevertheles
some evidences are compatible with these assumptions. These evidences are

described in the following and involves:

i Photoluminescence spectroscopy;

ii. Temperature asymmetry during the process;
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iii. Blackened area formation;
iv. XPS analysis.

The photoluminescencectp obtained using an excitation wavelength of 300 nm

on samples treated using experimental set up 2 and different current limits are
reported ifrigure34 The four specimens show extremely different behaviors. In
particular, one can observe the formation of a wide band on flash sintered samples
with a maximum around 410 nm. This band was not detected in the specimen
treated with 2 mA/amd in the conventionally sintered body. One can also notice
that the band becomes progressively stronger by increasing the applied current
during the sintering process.

Photoluminescence in corundum has been extensively studied by many authors and
findssolid basis in the scientific literature. As it has been reported fy6Rpuroukla

and other authfir63,164the structural defects in corundum F-aedtdfs

should emit light with a maximum intensity in the rd2@eahtiO33840 nm,

respectively. Theénters are oxygen vacancies filletiwy electrons, while the

F*ones are filled with just one electron and so have a positive cbargé. Also F
centers can be observed in alumina with an emission range around 300 nm. These
are the result of the electrostatic interaction betyezevagaycies and divalent

ions (e.g. Ga M@") which leads to the formation okneelh defect

clusted33] Theefore, the literature data are suggesting the conclusion that the
wide band observed in the flash sintered sample is related to lattice defects which
can be identified asdnters. No significant signal was recorded enttssin

range: 33840 nm. élvever, this may be due to the fact that this kind of centers
should be activated using higher radiation energy. In any case, the experimental
results suggest, at least by a qualitative point of view, that the oxygen vacancies
concentration is increasinthe sintered sample by increasing the current used
during the treatment. This is providing evidence that the material is changing its
structural features during flash sintering.

The formation of charged oxygen vacancies is guarantee by Eq.r21. and thei
reduction to the uncharged form by reaction Eq.23; allowing the fermation of F
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centers. Therefore, these results are compatible with a partial reduction of corundum
during flash sintering.

It should be remarked that the strong correspondence betvwdanitcand
photoluminescence spectra suggest that the material reduction is a phenomenon
mainly related to the third stage of flash sintering. This is not particularly strange
considering that during flash sintering incubation the current redgihiéehigliv a

porosity of the material allows oxygen restoration in the crystal though the cathodic
reaction (Eqg. 22).

6 mA/mm?

4 mA/mm?

2 mA/mm?

/ET

320 370 420 470
A [nm]

PL Intensity [AU]

Figure 34: Phololuminescence spectroscopy of alumina samples treated
with different current density.
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A second consideration supporting the thesis of partial reduction of alumina during
the process is represented by the observation of the sample during the FS treatment,
allowed by the experimental set up Riguie35 are reported pictures of a
specimen at different times during the three stages of flash sintering. The sample
was preintered at 1250°C and treated ussing 62mfAénfuncace tempera

of 1200°C.

Figure85shows that the ligth emission is slightly asymmetric. In fact, the anode (+)
is brighter with respect to the cathodte (photoemission is mailnly an effect of
Joul e heating, a s 4il8 Phetbemissiorb during Rlastlwn i n
Sintering , h e n cie suggestng tha theuahaddic area is hotter.

Temperature differences between anode and cathode are, in addition, confrmed by
shrinkage measurements carried out in a direction perpendicular to current fow, on a
section passing throw the center of thie Wwbieh the electrodes were inserted,

as it is shown figure36 The results indicate that the shrinkage obtained during

FS in the anodic arealigays higher when compared with the cathodic one; so, the
anode should be hotter. This is in agreement with the asymmetry observed in the
light emission.
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Figure 35: Pictures of a sample subjected to flash sintering at different
times (t = 0 s was assumed to correspond to the system reaching the

current limit).
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Figure 36: Linear shrinkage achieved in the electrode area (experimental
set up 2, pre-sintering temperature = 1250 °C, E= 750 V/cm).
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This tempature asymmetry can be explained as a result of different power
dissipation within the specimen. In other words, the resistivity close to the cathode
and to the anode are different, being the latter higher. This results in an higher
anodic specific pow#ssipation since the current should be the same on each
crossection.

The reasons behind this phenomenorbeatle different electrodes reactions
EQq.2123 during the incubation of FS. While the anodic reaction creates new defects
within the ceramic the cathodic one represent a symple rearrangement of the defect
structure and it is reasonably more spontanegfase, the driving force (the E

field) should be higher at the anode thus resulting in a higher power dissipation. In
addition the fidldlucedo B migration toward the cathedingreases the

charge carrier population on this side reduciad) tbsidtvity.

The third reason for supporting the thesis of partial reduction of the material during
flash sintering is represented by the formation okohen vieédickened zones.

The formation of the blackened area can be observed only iarBx@esizé<h

the samples treated for long times with high currents.

The first pubblicated description of these areas in a paper focused onFS was given
by Muccillé7]stding that:

fNumerous experimental results, obtained for instance with fuel cells, show that an
efficient compensati@i vacancies moti@gnnot be expected for current
densities exceeding a few A/&vhen the compensation is not ensured, the
sample ighemically reduced. This results in an additional, fairly high, electronic
conductivity. This is thecated blackening process. Experimentally, when this
process starts locally, it initiates preferential current routes because of the important
local eletric resistance fall.

This phenomenon takes place also in alumina and was observed in this work. The
extension of the blackened areas depends from the current density, becamming
visible with current higher than 5 mATherblakenipgocess affectedly

limited volumes and it is pretty concentrated on some current concentration paths.
Tableviishows the O/Al molar ratio calculated via XPS on a conventionally sintered
and flash sintered specimen (exyp $e2, 6 mA/Ad min).The flash sintered

sample was analysed both indahk &hd white zone. The results are only semi
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quantitative; they are reported with the only objective to compare their relative
values. We can notice that the O/Al ratio is different from that theoretically expected
(1.5); nevertheless, this is not patjicurprising since the oxygen atoms close to

the surface are chemically bonded to other chemical species (like hydrogen, forming
surface OH groups). Additionally, we want to reaffirm that the measure is not stricktly
quantitative.

The key point thabsld be underlined is that the O/Al ratio is higher in the case of
the conventionally sintered specimen; whereas the flash sintered sample presents
oxygen deficient structures. Additionally, within the flash sintered specimen it is
possible to notice thhé black areas presents lower oxygen content when
compared with the white ones. This experimental finding is supporting the thesis that
a partial reduction of the oxyde takes place during FS and the blackened zones are
composed by a more reduced material

In alumina, blackening generally starts from the anode and progresivelly moves
towards the cathode. This is somehow surprising considetinPthagrtteon

should produce more reduced structures on the cathodic side. It becames still more
surping when compared with what has been reported by Doy@jsfeiny 87

his case the cathode more blackened.

Table VII: Molar ratio between O and Al measured by XPS on conventional
sintered and flash sintered specimen.

Sample O/Al
Conventional Sintered 2.00
Flash sintered: White 1.88
Flash Isntered: Black 1.75

The answer to these apparent contradictions can be find considering the different

nature of conduction in cubic zirconia and alumina. Zirconia is a good ionic

conductor; therefore, the mobility of oxygen vacancies is pretty high. This means that

once &) ®is formed close the anode (reaction in Eq. 21) it moves quite faster and

it has good chances to reach the cathodic area before meeting electrons and being
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reduced. This results in a quite homogenous blackening process, slightly more
marked close the catho

Conversely, the oxygen vacancies mobility in alumina is much lower. Thus, during
the third stage of FS we assumed that the conduction mechanism is mainly
electronic, allowed by the described partial reduction of the material. Nevertheless,
even if ithould be quite slow the anodic reaction (Eq. 21) producing oxygen
vacancies continues during the third stage of flash sinteribg® roases

much slower than in YSZ; thus, they are reduced where they are produced: at the
anode. Therefore, the actation of vacancies at the anode during the third stage

of FS leads to the formation of these-tezlngbd zones, which results black. If

the treating time is prolonged electrons starts to be removed also at the interface
between the blackened and whiteina, in this way the anodic reaction site
moves progressively allowing an expansion of the blackening process.

A second consideration regarding the differences between YSZ and alumina
deserves to be done. The defect population before the flashnmatiéal is

completely different; being zirconia dope8l with 8f yttria the oxygen vacancy
concentration is several order of magnitude higher than that in alumina. Hence, the
number of vacancy formed at the anode during FS of YSZ isselatively |
fii mportanto than in alumina. This coul
corundum starts from the anodic site, while in YSZ the blackening is mainly a result
of a partial motion toward the cathode of the defects already preseriglin the mate
before the treatment.

In order to highlight the characteristic of these dark areas a sample was treated with
experimental set up n.2 under very severe conditions of J and tiriéof 7 mA/mm

4 min); the experiment was interrupted because of/sjpésting of this sample

is reported iRigure37. The blackened areas are quite extended, although they
could be observed only on the side ofntpée sapresented Rigure37.

Therefore, also in this case, only a minor part of the specimen was affected by the
blackening process. As previoustjone, the blackening starts from the anode

and moves toward the cathode.
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Figure 37: Blackened areas on a sample treated with 7 mA/mm? for ~ 4

minutes (experimental set up 2).

Some SEM micrographs were obtained on this sample and arEigeped®ed in
Figure89andFiguredQ It is nice to observe that the micrographs are showing the
presence of typical solidification structures, indicating that the material was locally
melted during the process.

Differentmicrostructure can be observed in the blackened alumina. The first
structure is represented by the grain coalescertgue®@andrFigure39qb))

This area was blackened and not melted during FS, but it reached temperatures very
closed to the melting point. This results in an abnornaltyraimdggrains of

several hunelds of micron can be obse@mthe material surface it is possible to

notice the presence of some kigsré39b)). These could be a result of the
combined effect of high temperature and thetutaty stresses. The combined

effect of high temperature and stress produces shear bands along preferential
crystallographic orientation, leading to viscous fiaivs giitins.
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Columnar Structure/
Dendrites

Figure 38: SEM micrograph of the blackened areas obtained on a sample
treated with 7 mA/mm2 for ~ 4 minutes (experimental set up 2). The
micrograph was taken in the central part of the gage section. The field
direction is indicated by the black arrow; the different microstructural
areas are indicated and numbered.
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Figure 39: SEM micrographs of the non-melted zone obtained on the
sample treated using 7 mA/mm for ~ 4 minutes. One can point out normal
grain growth in the white areas (a) and abnormal grain growth on the
blackened ones (b). The field direction is indicated by the black arrow; the
numbers between brackets allows to identify the position of the different
microstructures in Figure 38.
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Figure 40: SEM micrographs of the solidification structures obtained on
the sample treated using 7 mA/mm for ~ 4 minutes. The chill
zone/dendrites (a) and columnar/dendrites (b) transition can be
observed; some typical dendrite structures are also reported (c). The field
direction is indicated by the black arrow; the numbers between brackets
allows to identify the position of the different microstructures in Figure
38.
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The differences in terms of grain size betweerkehedlkand the white areas

are point out Figure39 We can state that the grain size in the blackened zone is

at least 2 orders of magnitude thegein the white ones. It is also nice to observe

that the transition between the two zones is veRigshe8f @nd a complete

transition fronbrormal to normal grain growth takes place in few tens of microns.
An extremely high and quite unreasonable thermal gradient would be required for
explaining this behavior. In addition, using Eq. 18 we can notice that grains of 100
pm can be obtainednwentionally, in 4 minute at a temper&d@®°C; this

result is absolutely unreasonable and much higher than the melting point of alumina.
A second consideration is that the grains are equiaxial in the white areas, while they
preferentially growth diraction orthogonal to the melted zone (at the center of the
blackening) in the blackened ones, thus resulting in a quite elongated grain shape
(Figure88andFigure39b).

It deserves to be point out that the results resembles those reportef8y Kim et al.
and Qin et al. for Y& Qin and eworkers observed abnormal grain growth

close to the cathode and they estimated that such a grain size would be obtained
conventionally at ~ 4100 K (temperature much highene¢hargtheint of YSZ).

They argued that the partial reduction of the material close to the cathode, as a
result of thé /2 motion and electron injection, lowers the activation energy for
grain boundary migration. It is important to observe that in YSZ the blackened areas
were concentrated mainly at the cathode, exactly where abnormal grain growth has
been observed. Hencebably, in alumina something similar is happening; but it
starts from the opposite side, being the blackened zone first formed in proximity of
the anode.

The reasons behind the anisotropic grain growth, with grains preferentially oriented
in a directionrtbogonal to the melted area and to the current flow are not
completely clarified. Nevertheless, we can propose three possible mechanics. The
first mechanism should takes place at the interface between the blackened (heavily
reduced) and the white slightluced aredSiduret1(a)). One can imagine that

first the melted path connecting the two electrodes is formed; then, the blackened
zone growthiasting from the melted path. Since electrons are thought to move very

quickly in the blackened zone, when a charged oxygen vacancies gets close to the
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boundary between the blackeheéd ( ) and the white zored( ) it is

suddenly reduced adomy to reaction in EQ.23. This leads to the oriented growth of

the reduced phase and to abnormal grain growth. The second proposed mechanism
happens within the blackened (Eaneetl (b)) It is based on the assumption

that the degree of reduction of the material increases moving toward the center of
the blackened zone (represented by the melted area) and the oxygen vacancies in
the blackened zome aischarged by the reaction with electrons. This leads to a
different oxygen vacancies concentration on the opposite side of a GB, being the
vacancies concentration higher on the side closer to the melted zone. This difference
in vacancies concentratienomes the driving force for grain boundary motion
rather than curvatures. In this way VO should cross the GB moving away from the
melt, while O atoms moves toward the melt.

The third mechanism that could explain the oriented grain growth is based on the
assumption that a strong temperature gradient is formed between the melted zone
and the other parts of the speckigendd?. In this condition grain boundary

energy would depend from the distance from the melt (x). Differentiating the
expression for grain boundary energy (Eqg. 4) we can obtain:

1" —1g —9¥3 1@ (25)

wherdg [ is the grain boundary interfacial energgrvaestiting from grain

boundary motion across a disj@ceaxe definedkigured?). Referring to the

data irFiguret2 beind”"Y >0 and the derivative of T < 0 a decrease of the grain
boundary energy ( mcan be obtained assuming a grain bouiggatiypm

toward the mejt (< 0). This additional driving force could enhance the grain
growth only in the direction orthogonal to the melt path (where significant
temperature gradient occurs) and could explain grain orientation; nevertheless, it can
na explain why the grains are so large also in the other directions. Therefore, a
contribution due to material reduction can be in any case pointed out.

At the center of the blackened zone other structures can be observed in the areas

that were melted dgiis:
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i Chill Zonethis area is characterized by equiaxyal grains and is placed at
the limit of the melted aFégu(e40 (a)). This is the first zone that is
solidified during the cooling process.

ii. Columnar/Dendritic structurethese are characterized by elongated
grains and by the presence of manyrayunetQ(b), (c)).

iii. Shrinkage cavitys at the center of the melted area and is a result of the

constrained solidification process, which leads to the formation of a cavity.

All these microstructures clearly prolec#thamelting occurs. Nevertheless, it is

very difficult to state that the local temperature reaches values higher than 2072°C,
which is the melting point for corundum. In fact, this value is much higher than what
previously calculated and reporfedbligV and the electrodes never melted in all

the experiments, although they were forced inside the holes in the sample. The
melting temperature ofsP1768 °C, ~ 300°C lower than the melting point of
alumina. Even more difficult is to explain the abnormal grain growth in the blackened
zone that would requires temperatures higher than 2700°C. Hence, we believe that
the structural changes in the ioxideed by severe current flow and the formation

of oubf equilibrium structures are at the base of such phenomena. They can

interact with the diffusion process kinetics.
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Figure 41: Possible mechanisms at the base of abnormal/anisotropic grain
growth at the interface between blackened and white areas (a) and
within the blackened one (b). The mechanism (a) is based on the
assumption that the abnormal grain growth is associated to the growth of
the substoichiometric phase. The mechanism (b) assumes the presence of
a discharged vacancy gradient in the blackened areas which accelerate
the mass flux.
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Melted Zone

Figure 42: Mechanism for oriented grain growth in the blackened areas
based on a thermal gradient. The grain boundary would migrate toward
the hotter region (melted zone) as a result of a net decrease in the grain

boundary energy (# 4

The results summarized in this chapter point out that tiosvaltosvd & partial
reduction even of a high stoichiometric oxide like alumina. This partial reduction

changes the mass and charge transport phenomena in the oxide.
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All the considerations and experimental results reported here suggest that FS can
notbeiner preted only wusing fAconventional
induced mechanisms must be considered; among them, a partial reduction of the
oxide seems the most attractive. Strong experimental evidences are reported
supporting the thesis thatirreAnduced partial reduction takes place even in a

high stoichiometric oxide like alumina.

4.1.3 Photoemission during Flash Sintering

The light emission during flash sintering was studied using the experimental set up n.
2. The samples were-giered at 1250 and 1450°C; the furnace temperature
during FS experiments was fixed at 1200°C.

The photoemission during the third stage of FS is répouted3iia) for a

sample prsintered at 1250°C and treated with different current densities. The first
conclusion is that the shape of the spectra does not change with the applied current,
suggesting that no additional phenomena are activated increasintjntiiie curr

The second result is that the spectra are pretty similar to those recorded by Lebrun
[18&nd Naik0Jon different materials (YS8EiQ, KNbQ): all spectra present a

shoulder around 620 nm and two maxima around 720 and 760 nm. Therefore, it
seems that the light emission in the UV/VIS region is independent from the tested
material. This is in contrast with the theories that explain the photoemission during
FS as a result of electroluminescence; in fact, electroluminescence should depend

on the electronic structure of each tested material.
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Figure 43: Photoemission spectra collected during the steady stage of
flash sintering using different current density (samples pre-sintered at
1250°C). In particular are reported both the spectra as collected (a) and
after the calibration with halogen lamp (b). For comparison the black
body spectrum, calculated at 1600 K, is also reported (c).
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In order to take in account of the effects due to the expetimehiloggeintum

yield of the spectrometer and the transmittance of the optical fiber a calibration was
operated using an halogen lamp. Knowing the ratio between the real light intensity
(emitted from the lamp) and the measured one it was possible to calculate a
correction factor for each value of wavelength. The corrected spectra are reported in
Figuret3(b). The shape in this case is much more familiar and similar to the Black
Body Radiation (BBR), being the maximum of the thermal radiatiegion.the IR

For comparison, the photoemission calculated for a black body at 1600 K from
Pl anckés | FRgwel3(@[94r eported in

0 — (26)

wheret is the radiation frequency, c the light speed, T the absolute témperatur

and k Planko6s and BoThe fgunapoints cutdhatshea nt r
light emission spectra of the samples during the third stage of FS are very similar to
what expected from Planckds | aw. The m
shoulder around 760 rfigure43 (b)). Nevertheless, this can probably be
accounted for by some residual experimental effects, presenting the calibration curve
(not reported) a peak in that position.

The light emission during the different stages for FS is Fégoredd for a

sample treated using 750 V/cm asihigred at 1450°C (J = 4 mA/rine

results point out that:

i. The light emission progressively increases elumicgptition of flash
sintering and still increases after the power dissipation peak which
corresponds to the current limit reaching. This is compatible with an
emission due to Joule heating. In fact, during the process the sample
temperature progressiiredyeases as a result of the thermal runaway.
Nevertheless, the specimens temperature still increases in the third stage
of FS being the electric power higher than heat exchanged by radiation
until the equilibrium temperature is reached (as qusthitativaly
Figure10. Hence, the tidependent light emission evolution is

compatible with a thermal radiation.
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ii. The light emission shape is not gbatgiing the different stages of
FS, suggesting that no luminescent effect are activated before, during and
after the current limit reaching.

iii. The light emission shape do not depend from the relative density of the
body subjected to flash sintering.

Voltage Control

Intensity [A.U.]

450 500 550 600 650 700 750 800
A [nm]

Figure 44: UV/VIS photoemission spectra obtained during the different

stages of FS.

Therefore, the results indicate that the light emission in the UV/VIS range is just a
result of the thermal radiation due to Joule heatinge,Theréndications
suggesting the presence of electroluminescence or, if electroluminescence is
present, its intensity is negligibleegptct to thermal radiation.

Nevertheless, the results presented so far provides just qualitative common points
betwen photoemission during FS and BBR. In order to highlight more quantitative
affinities, the light emission intensity evolution for three different wavelength during
the incubation of FS is reportétgime45 (a) and it is compared with the
measured conductivity. The photoemission was normalized with respect to the

intensity measured during the steady stage of FS. One can notice that the three
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intengii es are extremely fAcoupledod and t he)
emission was a result of electroluminescence some intensities would growth more
than others during the process, but this was not observed.

Figure45 (b) shows the decay of the normalized photoemission intensity after that

the power supply was switched off. Also in this case the decay of the intensity at
different waveleimdgs coupled and the light emission requires several seconds for
being reduced. Once again this result is compatible with the BBR; in fact, the
specimens would require several second for being cooled as a result of its own
thermal capacity. Conversebtralaminescence would decay much faster.

I't is also possible to observe that the
slightly | ower than those at higher & (
decay of the photoemission. In aiherthe light emitted at 530 nm is relatively
stronger, when compared witB5®@m, during the third stage of flash sintering

(when the sample is hotter) and weaker during the other stages (when the sample is
colder). This is a result of the facintihehsing the sample temperature the
maximum of the photoemission moves toward lower wavelength, according to Wien's
displacement 1§94] Thus, increasing the temperature the light emission intensities

at | ower wavelength growth more, in pro
Figured5(a) points out also that photoemission and electrical conductivity behaves

in a similar way. This is not surprising; in fact, if the light emission is due to a thermal
radiation, both conductivity and light emission intensity are related to the sample
tenperature. In order to explore this relation we can write the intensity of light

emitted by an incandescent body as:

Op - O - ——— (27)

where s the spectral emissivity depending from the wavelength. The relation for

the electrical conductivity in a ceramic insulator can be written as:

" . A@Pdj QY (28)
wheref is a pre exponential constant and Q the activation energydor conducti
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Figure 45: Normalized light emission evolution at different wavelength

during the incubation (a) of FS and after the power supply was switched

off (b). It is also reported the conductivity evolution which can be well

compared with light emission.

Here, we assume that the sample temperature can be considered homogeneous
during the process. This is an approxifgfior35 pointed out a certain
temperature asymmetry between the two electrodes. However, this asymmetry
involves only a small part of the specimen; therefore, the assumption seems to be
reasonable. Joining Eq. 27 and Eq. 28 it is possible to write aeelatightet

emission and conductivity:

Ok - i . (29)

Indeed, beingthe conductivity of the material at a virtually infinite temperature, the
ratio betwee andlo is negligible. E.g. even assuming an activation energy for
conduction of 1.2 eV (the same previously measured) and a temperature of 2000 K
(higher than the temperaturéabielV) it i s poss+®I0kE to est

Therefore Eq.29 can be reduced to:
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)R # K

(30)
where# is a function of the radiation frequency. According to Eq. 30 the relation
between light emissionnsitg and conductivity should be a power law with the
exponent depending from the wavelength/frequency of the radiation. In particular, if a
radiation with high wavelength (Il ow 3)
conversely if the wavelength isilogwkh 3) t he exponent incre:
Using Eq. 30, the experimental results recorded on the sambgledpad
1450°C and treated with 750 WVAmA/mA were interpolated by the minimum
squares method Higuret6are reported both the experimental data and the fitting
curves (black dashes lines), showing that Eq.30 provides a pretty good
approximation of what is going on during the process. iatioralfroie the
predicted behavior can be observed during the third stage of FS, being the light
emission slightly underestimated. This can be related to the fact that the walls of the
tubular furnace are quite close to the specimen (being the tenerf theme
alumina tube 30 mm), thus they are heated during the process. In this way the
furnace itself should start to emit more light than what was estimated at the
beginning of the treatment.
As theoretically expected the power law expbigemeds depends from the
chosen wavelength and it decreases by i

(n) it is also possible to estimate the activation energy for conduction, being:
1 Egjl (31)

The results suggest that Q ranges between 1.5 arichésteMlues are similar

to literature data for corundum and not far from what previously measured on the
green specimens (1.2 eV). The differences between the activation energy measured
here and on the green specimen can be related to the diffetretunacr

feature of the material (partially sintered/green body) and to the temperature range in
which it was measured (T>1200°C for photoemission and T<1200°C for the green
bodies).
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Figure 46: Light emission intensity as a function of the measured

conductivity at different wavelength: 530 (a), 700 (b), 850 nm (c). The

value of n, the exponent of the fitting power law, is also reported.

Since Terauds andwarkers have observed two photoemission peaks in the NIR
during FS ofSZ17] we analyzed also for alumina the light emission in.this region
The spectra are reportedrigure47a) and they point out that the NIR
photoemission is independent, in its shape, from the applied current. For

comparison, the spectrum emitted by the hot alumina tube of the furnace at 1400°C
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is reported Figured7(b). One can observe that the two spectra present the same
features and the same shape. Hence, we can conclude that also in the NIR region
there are no reasons for claiming luminescénduefigc flash sintering of

corundum.
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Figure 47: NIR spectra obtained during FS using different current density
(furnace temperature= 1200°C) (a) and the thermal radiation of the
furnace heated at 1400°C(b).

Some finalonsideration deserve to be drawn:

i. It is possible to observe a small peak at 5Flgumed3 (a)).
Nevertheless, it completely disappears ittilueledewere shielded.
This suggests that the peak could be related to some spark/air ionization
at the metal/ceramic interface. In addition, its position could be
associated to a line of ionized n[t6§krMNo evidences of air
ionization are observed in places different from the electrodes (i.e. inter
particle regions, poreseé).

ii. It is possible to notic€iguret3that no relevant signal was measured
at 188 and 255 nm. These wavelength should be associated with the
annihilation of the Frenkel pairs for aluminum and oxygen,
respectivell33] The formation and the consequent annihilation of
Frenkel pairs has often be claimed for explaining the densification during
FS. Een if a definitive conclusion can not be drawn the measurements

here reported do not offer any support to this thesis.
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The results reported in this chapter points out that the photoemission during flash
sintering of alumina is mainly of thermal dsigiondlbsion is not in agreement
with the literature data which attribute the photoemission during FS to

electroluminescence.

4.1.4 Flash Sintering and Dielectric Breakdown

The results reported in this section were obtained with experimentat aet up n.2,
constant furnace temperature of 1200°C, using sasiptesedrat 1250, 1350,

1450 and 1550°C.

When FS experiments are carried out at constant furnace temperature, the most
important parameter is the Incubation Time (IT). It is definednesdeel fione

reaching the current limit, after that the power supply was switched on. In other
words, it represents the time length where the system is working in voltage control,
as it is for example shoviigaret8(a).
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Figure 48: Conductivity evolution during the incubation of FS (a) and

incubation time as a function of field strength and pre-sintering

temperature (b). Modified from [16].

Figured8(b) points out that the incubation time is decreasing with the applied field.
This is not surprising since the power dissipation during the first stage of FS is
proportional t8 (Eq.5); so high values of E accelerates the thermal runaway.

Much more vahle is the consideration that the IT is also strongly related to the
presintering temperature being the samptgred at high temperature
characterized by longer incubation time. In addition, the stegtied atre

1550°C never reached theecufimit in any cases. Indeed, the microstructure of

115



the treated samples is strongly related to the sintering temperature. In particular in
TableVlllare reported the density values for the samples prior to FS treatment. By
comparin@abléVillandFiguret8(b) we can conclude that by lowering the density

of the sample it was easier to reach the flash sintering condition. In other words, the
presence of pores and surfaces plays an impodianmgdlee incubation on FS

in corundum.

This result is quite surprising especially if compared with other w¢akdon LSCF
SiC[23]that pointedut that a pgintering treatment has a beneficial role on the

FS behavior, lowering the onset temperature for the process. Therefore, the
mechanisms leading to flash sintering are undoubtedly different.

A first possible explanation for the obserwgdrbshzmsed on the fact that the
presence of porosity is reducing the thermal conductivity of the material. Therefore, a
thermal gradient can be produced within the less dense specimens since the heat
produced by Joule effect cannot be efficientlgl feonowiee sample center. In

this way the hearth of the specimen should became progressively hotter and more
electrically conductive than the surface. Finally, this should lead to FS. However, this
mechanism was not observed in other materials (Si@h&®GFg, was easily
reproduced using denser samples. In addition, some recent work have shown that
these temperature gradient do not change too much the fheT lheréfBre,

other reasons deserve to the sought.

Table VIII: Bulk and relative density of the samples used for FS
experiments as a function of the sintering temperature.

Pre-Sintering T 1250°C 1350°C 1450°C 1550°C
Apparent density [g/cm?] 2.73 3.24 3.73 3.89
Relative density [%] 69.1 82.0 94.0 98.6

In order to explore the microstr@ffact on the incubation time we can try to
define the heating rate of the sample during the incubation of FS under some

hypothesis:
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i the heat is exchanged by only radiation (conduction and convection are
negligible),
ii. the sample temperature and the dloneate homogenous.
So, the power balance equation during the incubation of FS, when the system is

working in voltage control, can be written as:

ba — — Y, Y Y (32)

where €is the specific heat of alumithe time, sTand Tare the sample and
furnace temperatures, jfiiasl d,heleillecthec
Boltzmann constant, U is the emissivit
volume of the sample, respectively. Rearrgn8igaBd assuming that m = BV

(where B is the bulk density of tisinfeed specimen), the heating rate can be

written as:

10 2 (33)

the derivative of the current density (J), dimicwp#téon of FS, is proportional to
the heating rateY(. In fact, for ceramic materials it is possible to approximate the
resistivity with an Arrhelikes relation. Under this hypothesis it is possible to

calculate the derivative of J as:

- — (34)

where R is the universal gas constant and Q the activation energy for conduction.
Being the current limit fixed during all the FS experiments in this secon (4 mA/mm
the key parameter controlling the incubation fiotevisusly higher value® of

leads to lower IT. Different parameters influence this quantity (Eq. 34). The first is, as
expected, the field: increasing th&iEld, the derivative of J increasdshe

time needed for FS is reduced in agreement with the relatibrgshe@&(bin
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According to Eqg. 34 different reasons can be cdosieepéining the relation

between pigintering temperature and incubation time. First, one can observe that
by increasing the -pmetering temperature the bulk density value (B) increase
(Tablevll) leading to a decreaséh fact, from Eq. 34 it is possible to observe

an inversproportional relationship relating the derivataedoB.JHowever,

being the relative bulk densitypsésilhtered bodies in the range-88.5%,

should be enhanced to a maximum of 98.6/69.1 = 1.43 times. This is probably not
enough for accounting the experimental data: much stronger differences were
observed in the incubation times. Moreoverndtdpee any explanation of why

the samples psentered at 1550°C did not reach the current limit in any case.

The resistivity of the system is the second parameter, which can influence the
incubation time: if the material is more conductive, tthe dedvahould be

increased (Eg. 34). It would not be surprising thasitkeripgetemperature

changes the electrical properties of the material. In fact, depending on the sintering
conditions, different amounts of surface, grain boundanaengneseet in the

ceramic bodies. This can lead to the activation of different conduction mechanisms
or produce different csesgtion available for the current flow (assuming that the
current cannot flow through the air in the pores). Thereforatiamn afsthe

material resistivity is crucial for clarifying the runaway of FS.

Figured9 (a) points out that ifedatively low field is used (BG<V/cm) the

conduction behavior is linear and the conductivity increasesnteitimgpre

temperature. This is a result of the fact that porous samples are
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Figure 49: Electrical behavior of pre-sintered alumina samples using low
(a) and high field application (b). The data are referred to the very
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beginning of the incubation stage of flash sintering, when the power

supply was turned on. Modified from [16].

less conductive because pores reduce tsectiossavailable for current flow.

Figure49 (b) shows the electrical behavior if higher field strength are applied (E >
500 V/cm). The results are referred to the moment at which the voltage limit of the
system is reached, at the very beginning of the incubatiemptotseindicate, in

this case, a different trend: the material sintered at high temperature being less
conductive. In addition, the conduction behavior is stringhr ol

conductivity increases with E. Thihmoo behavior is more pronowmcéie

porous sample (i.e. those sintered at lower temperature), while the dense specimens
do not show a marked deviation from linearity (i.e. those sintered at 1550°C). This
conduction behavior is probably at the base of the incubation time datues reporte
Figuret8(b).

A similar deviation from the linear conduction behavior has been reported also by
Cologna et al. for Mifgped alumifg®] They have measured the conductivity on

dense specimens and observed a transition between lilieaataonductivity

by applying a field-&50 V/cm. These results are quite similar to those reported in
Figure48 (b); however, we do not observe significant deviation from linearity when
using dense samples (those sintered at 1550°C). These differences are very likely
asociated to the different composition of the two materials, pointing out that the
chemical composition and purity plays a fundamental role in conduction.

We can state, accordingigore49 that conduction in our material is sensitive to

the presence of pores and surfaces. It is well known that surfaces are characterized
by a more disordered structure when compared witterialtk fiteese can

therefore represent a favorable path for ionic diffusion. Moreover, the surface
electronic structure is also different from that associated to an ordered crystal.
Hence, surfaces can be characterized by lower band gap valuesomising elec
conduction.

One should finally consider that close to the pores the field is sensibly enhanced
because of the interface betnsvbeilgn medi a
equal to ~ 1 and 10 for air and alumina, respectively. Foasastaimgea

spherical hole inside corundum the field is intensified of a factor 1.86 on the pore
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surfacpl66] Nevertheless, more complex and sharp geometry would lead to much
higher field intensification. This problem has been extensively stadeety Holl

al. during the incubation of FS by numerical sihéTfldvey conclude that the

field is enhanced by a factor depending from the ratio between the neck/particle
curvaires; i.e. assuming this ratio 0.1 it is possible to estimate a field intensification
for alumina higher than 10. Indeed, pore shape and the ratio between neck/particle
curvatures depend form thsiptering temperature; thus, the samples sintered at
lowtemperature are not only characterized by an higher amount of pores but the
pore shape would also be more sharp, leading to more significant field
intensification.

Actually, fielbnsitive conductivity has been already reported in different material
andit is a result of the fact that the activation energy for diffusion or electron
promotion can be reduced by field application. The first extensive discussion on the
argument has been <carriQ@udPrBreakdowrby Fr en
Phenomena in Ingafa and Electronic S€wmductods i n [16B]9H2 8

descr i bebdr etatked o win pandnedase of eectricah coOnduttivity

which finally leads to breakalfl@®8] This phenomenon resembles what we
observe before FS. The -breakdewn regionisbet we e
described by the Pdalenkel mod@4,168170]

. . AP0 1083;jQY (35)

where b a char act e Usirgthe catural dogasithnaaithe of t |

conductivity Eq.35 can be linearized as:

i1, i, 0j'QYro3'Qy (36)

that becomes, considering that in our experiments the furnace temperature was

always the same:

17, o6 608 (37)
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where A and B are two numeric constant. Using Eq.37 the experimental data in

Figurel9were interpolated. The results are rep8itpdds) one can point out

that the model provides a quite good approximation of the experimental results.
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Figure 50: Conductivity for samples pre sintered at different temperature
as a function of the field strength; the dashes lines represent the
interpolation given by the Poole-Frenkel model. The data are referred to
the very beginning of the incubation stage of flash sintering, when the
power supply was turned on (Ts ~ Tf =1200°C). Modified from [16].

Certainly, FS and Dielectric Breakdown (DB) have other common points:

The electrical behavior is similar, showing tiad anaersition from
insulator to condudiioe;
The model described by Dissado in 1992 for dielectric [ré@dsiown

a result of a thermal runaway is resembles that developed by Todd for

flash sinterifgi4]

Both FS and DB are sensitive to sample thickness, requiring thin
specimens higher field/ incubation time for reproduce flash sintering
[56,614nd having higher dielectric stfengiv3]

FS and DB are characterized by an incubation time, and it is in both the

cases it decreases with field sti2Bgth 174.76]
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Now the question i s: -Brebkdewn behaviortise poss
observed with field of only 750 V/cm?o0
olserved with field higher th&a®®/cnfil68,169]

Several points can help to answer the question. First of all, DB experiments are
usually carried out at room temperature, while in this work FS was reproduced at
1200°C. The higkmperature dielectric strength of alumina was studied by
Miyazawa77] Yoshimufa73]and ceworkers. According to their results the
dielectric strength for alumina at 1200°C is reduced down to ¥&lces af 10

slightly higher. Therefore, the difference between the fields needed for FS and DB is
one order of magnitude.

Other considerations deserve to be pointed out. Yoshimura and Miyazawa have
carried out their measures on dense and thin24®0 e m) sampl es.
known that an increase in thickness reduces the dielectiit74tiatg]jtfor

larger sample being easier to dissipate the heat produced by Jthie effect.
samples used in DB experiments are at least one order of magnitude or more
smaller than those used for FS; this can account for a partial decrease of the
dielectric strength.

In addition, one should take in account of the porosity effect.vielfdctpitm

that porosity decreases the dielectric §tré@d80laccording tb81,182]

0 ¢ AGPRD (38)

wheréO is the dielectric strength, P the porosity load, and b a numerical constant.
Whercomparing the results on DB obtaihdigldaawa and Yoshimura with the

onset field for FS measured in this work it should be taken in account that the
samples that reprodsi FS were porous while DB was carried out on dense
specimens.

The last consideration is that the material used by M@Shwaarhigh purity

alumina (impuritied0 ppm) while the powder used in this work are 99.8% pure.
The purity content changes the FS behaeibighvipitirity alumina (99.99% pure)

was never flash sintered using E = 1000 V/cm §@940M8% pure alumina is

successfully flashedHI00 °C using the same field.
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The combined effect of all these factors can reasonably reduce the dielectric
strength down to values similar to those needed for FS. The experimental results
and the literature review are, therefore, suggesting that FS and DB represents the
same process(talumina.

4.1.5 Electrode Material Effect

The results reported in this section are referred to the experimental set up n.1; using
a constant heating rate of 20°C/min.

Figures1 provides a comparison of the flash sintering behavior of alumina treated
with different electrode materials; applied as conductive pastes between the platinum
wire and the ceramic. The materials used in this worlumrecptétom and

silvetbased pastes. One can observe that using different electrodes the sintering
process is changing in its effectiveness and in its onset temperature.

In particular one can notice that:

i. The specimens treated with silver shrink ledse tioéinerts upon
sintering;

ii. The application of a field of 250 V/cm improves the sintering behavior in
the case of carbdibased electrodes, conversely, no particular
advantages can be observed in the case of Pt paste application;

iii. The samples treated witlrsdlre sintered at lower temperature.
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Figure 51: Dilatometric plots for samples treated using a current limit of 2
mA/mmA”2 and different electrode materials: platinum (a), carbon (b) and
silver (c).
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The onset temperature for FS for the different electrodes areFigpmied in

as a function of the applied field. One can notice that shizesdaethigith Ag

electrodes are flash sintered at tempetra2662€ lower than those treated with

Pt ones. The specimens treated with-maskdncement exhibit an intermediate
behavior.

These results are quite surprising and their interpretatiomsetely clarified;

also considering that the differences in activation energy for conduction for the three
di fferent el e ct 4.102dE¢estrical lsehayipr. mi @reedl d @dre c & i
that carbon and silver can produce some reaction at metal/ceramic interface; while
Pt, being a noble element, does not produce any reaction. It is possible to speculate
that carbon paste, whose stafulity 1200°C was proved via TG analysis (not
reported), can promote someedxgtive reaction; i.e. by the combined effect of

E/J and a change of the oxidation state of C the formation afedusadially

alumina can be promoted, leading to etexidoativity increase.

Regarding silver electrodes different hypothesis can be proposed:

i. Silver work function {4457 eV)183]184is lower when compared with
that of Pt (58.9 e\[L83]184] Hence, it is more easy for electrons to be
removed from the electrode and enter in the ceramic body.

ii. Silver produces monovalent ions that can sul3stiaateing to the
formationf oxygen vacancies for balancing the charge.

iii. Although silver was not detected by EDS in the center of the gage
section, silver ions diffusion in alumina it is known to be much more fast
when compared with Al and difeffion proc$85]186] A
conduction mechanism based ondifgsion can be proposed,

explaining the anticipate flash event.
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Figure 52: Onset temperature for FS as a function of the applied field

strength for different electrode materials. Modified from [55].

The data iRigureb2were fitted using the model developed by Todd et al. for the
thermal runaway fofl 86 Thi s model , als4.1 dhersnalr i bed
runaway and Joule heating def i nes the onset condi ti
representing the heat dissipated by radiation and the electrical power (as a function
of the samplent@erature) are tangent. Under this condition the following equations

should be satisfied:

—A@B—— 3K R4 y4 4 (39)

— 5 Aob 5 134 V4 (40)
whereY4 is the overheating of the tangent point with respect to the furnace
temperature. Eq. 40 can be rearranged, allowing to explicate the electric field:

y y

o) QR (o) Qo — (41)
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where D is aumerical constant. Combining Eq.39 and 40 a quintic equation is

obtained:

—Y Y Y om (42)

with”Y Y ¥°Y This model represent an approximation; in fact it is based on

the assumption that the sample temperature is homogbedimanéeded for

the thermal runaway, once that the onset is reached, is negligible. Nevertheless, a
similar delay is present in all samples and the sample thickness was limited reducing
thermal gradients.

The experimental data were fitted by renethive, following these steps:

i. A first value for the activation energy was assumed equal to 0.52 eV;

ii. Using Eq. 42 and the experimental data for the onset furnace temperature
(T), Ts was calculated for each sample using NSolve function in
Mathematica®;

iii. A new value for Q and for the constant D was calculated from Eq .41 by
FindFit command in Mathematica®;

iv. With the new Q value, all the operations were repeated until convergence:
i.e. the activation energy changing less than 0.0005 eV between two

successiviterations.

The best fit was obtained using Q equal to 1.57, 1.37 and 1.32 eV for platinum,
carbon and silver electrodes, respectively. These values are not far from those
obtained from the power dissipation plots and from the light emission/conductivity
relation. As shown Figure52 the fit (dashes lines) is nearly perfect for Ag
electrodes, the error being always lower than 17°C.

A deviation from the interpolating curves is observed for the samples treated with
500 V/cm and Pt/C electrodes, the experimental onset temperature for flash sintering
being lower than the calculated one. This can be considered a result of fact that the

sample is changing its electrical properties upon heating:
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i The samples treated with 500 V/cm (Pt and C) are partially shrunk when
the flash condition is reached; this is leading to a field intensification,
being the gage section reduced.

ii. The material is pialty sintered before the current limit is reached. The
neck formation provides a continuous path for current flow and may
enhance conductivity.

The electrode material changes also the densification achieved during the process;
in factFigures1 points out that different shrinkage are obtained by changing the
used conductive paste. The results are confirmed by density/porosity measurements,
reported iffigure53 One can observe that the densification of the specimens
treated with Pt and C is very similar and the main difference consiskssin the samp
treated with 500 V/cm. This is due to the fact that before FS these specimens are
already partially shrunk as 441 result
Densification behavior and microstructural @vplutiont h u s , the sampl e
C being flash sintered at a temperature approximately 100°C lower than those
treated with Pt, the densification phenomena prior to FS are limited. This has an
effect on the density measured on the sintered bodies.

Conversely, the samples sintered with Ag electrodes are always less densified.
Another difference is that in the case of Pt/C electrodes the densification is reduced
by increasing the field (as dt mafsthe sintering shrinkage prior to FS), while in the
samples treated with Ag an opposite behavior can be pointed out.

In order to understand the densification behavior the estimated sample
temperatures, for different emissivity values, are répbied @dne can point

out that the samples treated with Ag electrodes reached lower temperatures during
the flash, as a result of the fact that they were flash sintered at lower temperatures,
when oempared with those treated with Pt or C. The difference could be also
underestimated. In fact, in the case of the specimens treated with silver the onset
temperature for FS ranges between 670 and 940°C, thus a partial contribution of
convection (not cadtedl) should be taken in account, leading to a further decrease

of sample temperature.

Nevertheless, this is not explaining why in the case of specimens treated with silver

electrodes the density increases with E, the sample treated with 500 V/cm being
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mae porous. One can speculate that this sample was treated at a temperature close
to silver melting, thus a partial diffusion of silver ions can be suggested within the
sample. The diffusion would be enhanced Hielthevkich drives the cation
migratianlf the conduction is mainly based on silver diffusion the partially reduced
al umi nddl.2 Elscki@l behdvipr woul d be mtaringtheweak | y f
densification mechanisms. One can also speculate that Ag can sublimate (at 1200°C
its vapor tension is about 0.2 Tor) and promote charge transport in its ionized
vapors. This point is, in any case, not completely clarified and deserves furth
analysis.

Although the mechanisms are not completely clarified, in this chapter we showed
that the electrodes play an important role on the flash sintering behavior of alumina.
This may open a new way for future studies and allow a further tregluction of
sintering temperatures.

3.8

=
o

36 1 (a) 23 (b) aAg

E34 ] ot =30 - o

Eaz 8 3 25 - g m] g

Fh 5 | (@]

N o © o E 20 o

a o O o0 g 151 C

x 2.8 4 g 10 - @]

3 a

“ 26 - Eg < 5

2.4 : ; - 0 . .
0 500 1000 1500 2000 0 500 1000 1500 2000

E-Field [V/cm] E-Field [V/cm]

Figure 53: Bulk density (a) and apparent (b) of sample treated using
different electrode materials and a current limit of 2 mA/mmz. Modified
from [55].

Table IX: Estimated sample temperature [°C] during FS for samples
treated with different electrodes as a function of the field strength
(current limit = 2mA/mm?).

| e=09 | E [V/cm]
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500 750 1000 1250 1500
o Pt 1360 1270 1223 1222 1206
g C 1324 1226 1177 1153 1153
= Ag 1143 1117 1112 1087 1111

E [V/cm]
€=0.5
500 750 1000 1250 1500
" Pt 1437 1338 1362 1343 1344
T
o
g C 1379 1342 1302 1291 1302
(1)
w
Ag 1253 1258 1272 1247 1286

4.2 Flash sintering of glass-containing alumina

4.2.1 Densification behavior and Microstructural Evolution

Figure54 shows the dilatometric plots referred to pure Alumina (A) ard magnesia
silicate Glag3ontaining Alumina (MgGCA) flash sintered using different fields and

a current limit of 2 mAdifthe curent limit was maintained for 2 min). The results

point out the beneficial effect of glass addition cashstiéeldintering behavior

of the material; being the MgGCA samples characterized by much higher sintering
rates (i.e. the slope of theodikric plot) and higher sintering shrinkage. This is a
result of the different sintering mechanisms which consist in solid state sintering and
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liquid phase sintering for A and MgGCA, respectively. The presence of liquid phase
provides a fast diffusionh plir the ionic species and allows, through
dissolution/precipitation mechanisms, a rapid de3$ifadioanally, the liquid

phase presence enhance the sintering stresses via capillarity forces, increasing the
attractive load between particles and thus, also, the sin[8liRg =tesption

is represented by the samples treated using 1500 V/cm; in this case the glass
containing material is not densified. A ogddniation of the observed behavior

can be related to the fact that these samples were flash sintered at a very low
furnace temperature (6360 V/cm) and this leads to a decrease of the specimen
temperature during the third stage of FS.

A second consi@tion that deserves to be underline is that the MgGCA dilatometric
curves present two main shrinkage &wguitebd(b)). The first event takasepl

at low temperature and it is responsible for a moderate st2thagdéreas

the second happens at higher temperature, once the current limit is reached, and it
is responsible for the main part of the densification. Indeekindwis thel

Liquid Phase Sintering (LPS) can be divided in different stages and each stage can
lead to different shrinkage events that can be observed via dilatometric test.

At first, particles rearrangement due to liquid phase formation takes place; leading to
a maerate shrinkage. The temperature at which this phenomenon happens is
influenced by the field strength as it can be obs€igace®d (b); the

phemmenon being anticipated by increasing E. Since in these experiments the
liquid is provided by the softening of the glassy phase we can state that the field
changes the viscous properties of the glass. Nevertheless, the magnitude of this first,
moderate sinkage does not change too much changing the field strength.
Therefore, we can state that-fieddEapplication modifies the temperature at which
particle rearrangement happens but it does not influence, at a first approximation,
the shrinkage that b@nobtained.
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Figure 54: Dilatometric plots for pure alumina (a) and 10 wt% magnesia

silicate glass-containing alumina (b) using different field strength and a

current limit of 2 mA/mm’. Green density ~ 1.76 g/cm’, current limit

maintained for 2 min. Modified form [187].

The secondpart of the shrinkage, as reported by Ri@jamsanue to
fDensification. . .by solyir@cipitatian. Dur i nagsisted hsimterifigi e | d
experiments it is mainly oldtafter the current limit reaching. This phenomenon is
reproduced at lower temperaturefidl Bpplication and its rate is drastically
increased in FS experiments when compared with conventionally sintered sample (0
Vicm ifrigurés4(b)).

In order to point out the glass composition effect on flash sintering, a pure silica
glass, produced via sol gel method, was added to alumina powder, following the
same procedures described for magjlieata glass. The sample was treated

with 1000 V/cm up to 1220°C and then the experiment was interrupted because of
sparkling. This material do not reproduce the flash event, pointing out that the
presence of Kigons is fundamental in-fekisted sintering experiments. This is

due to the fact that pure silica is extremely resistive and it does not allow the thermal
runaway process. Conversely: diffusion increases conductivity and power
dissipation, trigopey FS.

Figureb5compares the physical properties of A and MgGCA flash sintered bodies.
As expected, glasmntaining material is more densified and it is characterized by
much lower amount of open porediffdrences are less marked when bulk
density is taken in account; nevertheless, the theoretical density for the two materials
is different. In fact, the theoretical density for corundum i8; 3vbeg/don

MgGCA (under the assumption that thg ditig glass is 2.20 §/dnis only
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3.66 g/cPn An exception is represented, once again, by the specimens treated with
1500 V/cm. In this case the-gtagaining material is not densified, coherently with

the dilatometric plot reshltpufes4).

These results have important technological implications because they suggest that,
by glass addition, it is possible to reduce the current deadéiddton and the

power dissipation during the process. This leads to clear advantages in terms of
power consumption and it avoid the risk of electrodes melting and sparkling.
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Figure 55: Bulk density (a) and open porosity (b) values measured on A

and 10 wt% MgGCA samples flash sintered using different fields and a

current limit of 2 mA/mm2 (current limit maintained for 2 min). Modified

form [187].

The effect of the current limit on the densification behavior of MgGCA is reported in
Figue 56 One can observe that, similarly to what reported in the previous section
for pure alumina, the current density is the key parameter controlling bulk density
and open porosity. In additighould be pointed out that, if a relatively high
current is applied (i.e. 2 mA/mthe densification is independent form the field
strength and the material is well densified (excluding the samples treated with 1500
V/cm). Conversely, in the caseeofige of lower current the density rises by
decreasing the field. This is due to the fact that the samples treated with lower field
are already partially shrunk when FS happens and it has an effect also on the final

density of the sintered bodies.
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Figure 56: Bulk density (a) and open porosity (b) as a function of the

current density for 10 wt% MgGCA specimens. Green density ~ 1.76

g/cms, current limit maintained for 2 min. Modified form [187].

Current density and powder composition have also an effect on the obtained
microstructureFiqure57). In particular we can observe that, using the same
condition of field (1000 V/cm) and current (2)nAéngiassontaining sample

is more dense and characterized by a lower amount of porosity when compared with
the pure alumina one. edineless, SEM micrographs point out that different
fracture mechanisms are involved in the two materials: intergranular and
transgranular for A and MgGCA, respectively. These microstructures provide
indication about the sintering mechanism; in faat|l ikiewn that alumina
presents intergranular fracture in case of solid state sintering, whereas it is
transgranualr when the densification happens via liquid phase sintering. The
micrographs are therefore an evidence that MgGCA is densifiedliquid sort of
phase flash sintering process. In addition, cofigargdg(b) and (c) it is

possible to observe the current effect on the microstructure -obrtes nijess

material: although lowering the current down to O%heAsonosity increases
(coheretly with density measurement), the material always presents microstructural
features that can be ascribed to liquid phase sintering.
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Figure 57: SEM micrographs of the fracture surfaces of A (a) and MgGCA

(b) samples treated using 1000 V/cm and 2 mA/mmZ. One can also

observe the current effect on densification by comparing the MgGCA

samples treated using 2 mA/mm? (b) and 0.6 mA/mm?®(b). Modified form

[187].

Additional microstructural details can be obseFrgdreiB8 where the
microstructures of the polished MgGCA speemepwtad before and after HF

etching. One can observe that a lot of porosity gets opened by etching; this is in
other words meaning that a lot of glass is still present in the sintered bodies.
Furthermore, one can notice that the porosity, thatl iduriegt¢he etching

process, is characterized by very sharp and elongated shapes. Therefore, we can
state that during FS the glass is able to flow between the solid alumina grains, even
if the treating time was very limited (2 min). This is aneaittbtceathat a

liquid phase sintering takes place during flash sintering of MgGCA.

The decrease of glass viscosity that allows an effective liquid phase sintering
process resembles what has been reported by McLaren et al. describing the electric
fieldinduced glass softefiii§] They observed that at a given combination of
field/temperature tflass changes its flowing properties with an abrupt drop of its
viscosity. Simultaneously, the material becomes electrical conductive and a strong
light emission has been observed. Nevertheless, the mechanisms that leads to
electridield induced softenm@ ve not been completely cl
includeneani form Joul e heating, [1d9 el ectri c
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Figure 58: SEM micrographs of MgGCA polished (a) and polished and HF

etched (b,c) specimens treated using 1000 V/cm and 2 mA/mm’. Modified

form [187].

The last microstructural feature that deserves to be analyzed is the grain size
evolution after the flash sintering treatments for MgGCA samples. In order perform
this measure, the fracture surfdabe samples were HF etched. The removal of

the intergranular glassy phase allows to highlight the grain boundaries as it is shown
in Figures9 Firs of all we should underline that the grains are generally equiaxial
and very few elongated grains can be observed. The formation of elongated grains
has been often recorded in alumina sintered with glass formg88&didition

fact, the dissolution/precipitation phenomena can &lapgernweferential
crystallographic orientations. The fact that in flash sintered bodies this phenomenon
is poorly observed is probably related to the very short treating time that do not allow
consistent grain coalescence.

The grain size, measured lparlimtercept method in the center of the gage
section, are summarizeBainleX. The average grain size is in all the cases sub
micrometric, evernnifthe case of the samples treated with 22rsddrenarge

grains (larger thamurh) can be observé&ig(res9. Abnormal grain growth has

been repted also in conventionally sintered alumina with the addition of a liquid
phas§l29] thus the result is not particularly surprising. Furthermore one can notice
that, similarly to what reported for pure alumina, the key parameter controlling the
grain size is tlirrent density: being the grain size increasing by increasing the
current density. Nevertheless, the samples treated with 1500 V/cm present grains
substantially smaller when compared with those treated with lower fields and, even
increasing the currenttea® mA/mina very poor grain coalescence can be

observed.
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Figure 59: SEM micrographs of HF etched sample (MgGCA) treated using
different combination of E and J (the inter-granular porosity is opened by
the etching process). Modified form [187].
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Table X: Average grain size and standard deviation [nm] of flash sintered
MgGCA samples treated using different field and current.

J [mA/mmz]
0.6 1.2 2.0
500 359 +58 453 +52 532 +98
T 750 321+42 411 + 85 492 + 65
é 1000 315+35 470+ 70 518 +40
- 1250 31770 396 + 60 502 + 54
1500 315+25 345+ 47 402 +51

At this point, the obtained microstructures should be compared with those obtained
via conventional sintering processes. For this purpose it is first necessary to estimate
the sample temperature during the steady stage of FS. The specimen temperature
was stimated by using the power balance equation (Eq.10) assuming different
values for the emissivity. The results are summiBaizieXlirCoherentlyitiv

what was observed for pure alumina, the current density is the main parameter
controlling the sample temperature; nevertheless, the equilibrium temperature
decreases by increasing the field as a result of the different onset for FS. The
samples treatedth 1500 V/cm are substantially colder than the others, since they
were flash sintered at very law furnace temperature. This could be the reason

explaining why they were not denisified efficiently.
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Table XlI: Average sample temperature during the third stage of flash

sintering of MgGCA for different values of «.

J[mA/mm?]
€=0.9
0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
500 | 1256 1224 1314
T 750 | 1211 1242 1266
S 1000 | 1176 1193 1204 1221 1226 1239 1256 1255
w1250 | 1137 1163 1200
1500 | 921 1027 1108
J[mA/mm?]
€=0.7
0.6 0.8 1.0 1.2 14 1.6 18 2.0
500 | 1264 1298 1338
T 750 | 1224 1263 1292
S 1000 | 1194 1217 1230 1245 1254 1268 1289 1292
w 1250 | 1161 1194 1242
1500 | 958 1087 1175
J[mA/mm?]
€=0.5
0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
500 | 1279 1325 1377
T 750 | 1246 1298 1334
< 1000 | 1224 1257 1270 1286 1301 1316 1343 1352
w 1250 | 1202 1247 1309
1500 | 1016 1179 1277

One further point should be considered: even assuming a low emissivity value (i.e.

0.5) the estimated temperatures are in almost all the cases lower than 1355°C which

is the liquidus temperature of the ternary systei@i®g@bCsz. This is quite

surpising considering the obtained microstructures that suggested an effective liquid
phase sintering process. In fact, being the first thermodynamically stable liquid
formed at 1355°C a conventional liquid phase sintering treatment should be carried

out at Igher temperatures; otherwise, the glass would soften and then it rapidly
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crystallizes forming solid crystals which do not improve sintering. The glass
crystallization could be also quickened by the presence of a huge amount of
surfaces and interfaces kEtvwaumina grains and the glass. Such mechanism
prevents an efficient conventional densification at temperature lower than 1355°C.

In order to prove this statement a MgGCA sample was conventionally sintered at
1350 °C with a dwelling time of 2 h (heasing 10°C/min). A very porous
microstructure is obtaifégufes0(a)) with a density of 2.99 g/cm3. The formation

of new crystalline phases, mainly a magalesiimam silicate (sapphirine), was
detected by XRPidure6Qb)). Even repeating the treatment at a higher
temperature (1370°C) the density increases only up to 3.11 g/cm3. In fact, at
1355°C a liquid phase is formed but, in such temperature range its content is very
limited and does not allow a compistéadion.

Therefore, we can conclude that by flash sintering it is possible to obtain an effective
densification of MgGCA at sample temperatures lower than the thermodynamic
liquidus in a very short time (2 min). This cannot be accounted fanay conventi
sintering mechanisms even assuming long soaking times (up to 2 h), but it can be
based on mechanisms similar to those reported for eleriticdikbftening.

In this chapter we showed the applicability of flash sinteriocgri@igiags

ceramics, allowing a consistent expansion of the application field of FS. The
densification takes place via liquid phase sintering mechanisms, as in conventional
processes in similar materials; however, the densification rates seem to be

remarkably accetedby the current flow.

(b) 5 0 | Ocorundum

i < sapphirine O

Intensity [A.U.]

b2 QJLVJ.\ alse, ‘;E
20 30 40 50 60
20

Figure 60: SEM micrograph (a) and XRD pattern (b) of a MgGCA specimen
treated at 1350°C for 2 h. Modified form [187].
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4.2.2 Electrical behavior and onset for flash sintering

The onset temperature for flash sintering for pure aluminacamicigiags

alumina are reportedFigures1 First of all one can notice that the behavior of A
system is regular, with an exposdiéetiahape. In fact, it is coherent with the

model for the thermal runaway for flash sintegviguesypreported.

Conversely, MgGCA presents a much more complexegothmoglation. In

particular, if an high field is applied (1500 V/cm) MgGCA is flash sintered at a very
low temperature when compared with pure alumina; whereas, by diéelctasing the

the onset for flash sintering is delayed in therg&ining material. Finally, in the

case of a low field application (500 V/cm) the flash event takes place at the same
temperature in the two systems.
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Figure 61: Onset temperature for flash sintering in MgGCA and A systems

as a function of the field strength. The temperature at which the

maximum shrinkage rate is reached during glass-softening (MgGCA) is

also reported. Modified form [187].

This nomegular relation is due to the electrical behavior of the material; in fact, the
onset for FS is related to the electrical conductivity. A comparison between the
specific powedissipation in pure alumina and MgGCA is prévineesiz(a).

One can observe that at low temperature (right portion of the plet), the glass
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cortaining material is more conductive and the power dissipation plot is
characterized by a different slope when compared with pure alumina. In particular,
the activation energy is 1.2 + 0.2 and 0.7 £ 0.1 eV for A and MgGCA, respectively.
Thus, the conductioachanisms in the two systems are undoubtedly different and
the glassy phase enhances the total conductivity of the material; this suggesting that,
the glass is more conductive than the alumina powder in this temperature region.
The estimated activatiorrgy for conduction of the -gla#sining system is

much lower than the energy barrier for diffusion in silicates andigfa8ses (2.0
eV)[189193]Jand far different from the band gap in fused silid2)(dBi¥an

be related to the fact that #h&s gbas produced viageblmethod, therefore it

presents structures far from equilibrium. Precedent works have point out that the
energy barrier for diffusion igesajlasses is lower when compared with bulk
materials and this results also in asadifusivity (even one order of magnitude
highef)l94] InFigureb2 (b) it is possible to observe that the sample treated with
1500 V/cm presents a different activation energy; in fact, the slope of the plot is
higher (1.6 @VThis can be related to theiriglted activation of different
conduction mechani$h®s,196]

When the temperature increases, MgGCA becomes more resistive than pure
aluminaRiguresa)) and this is responsible for the delayed FS event (E = 750
1250 V/cm). In the same temperature region, it is also possible to observe that the
power dissipation plot of the-gtetaining material presents a certain instability,
producing a s$aof hill. Fist, the power dissipation starts increasing as before FS;
but, after few minutes, the concavity turns downward and MgGCA becomes less

conductive than A.
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Figure 62: Comparison between specific power dissipattion in pure

alumina and MgGCA (a) using 1000 V/cm and 2 mA/mm?> The effect of

the field strength on the power dissipation of MgGCA is also reported (b).

Modified form [187].

In order to analyze this instability a DSC analysis was performed-on the glass
containing powder and it is repofegliib3 One can notice the presence of an
exothermic peak-a860°C. This peak is very likely related to some modification in

the glassy phase, like a partial crystallization. In fact, by comparing the XRD pattern
(not reported) obtained on the glassy pdaideane after a thermal treatment up

to 900°C (heating rate = 20°C/min) it is possible to state that some magnesium
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silicate (enstatite) is formed during the process. The precipitation of enstatite
decreases the magnesium load in the glass, whichrbemomessstive. This

leads to the curvature change in the power dissipation plots and to the delayed flash
sintering phenomenon in MgGCA using field in the r&n425@50/cm.
Conversely, the specimens treated with 1500 V/cm are flash sintéged before th
exothermic peak, thus in a temperature region in which the glass is much more
conductive than alumina. This accounts for the anticipate flash sintering of the glass
containing powder using 1500 V/cm.

Finally, in the case of the treatment with 506 \Wemnnaterials present a very

similar onset temperature, even if it is well higher than the crystallization peak. This
can be explained considering that at such temperatures MgGCA samples are
already partially shrunk before- B%), much more than @iuenina~(4%).

This results in a significant field intensification (being the system in voltage control)
that anticipate FS of the glastaining powder.

One last consideration fragures1deserves to be drawn and it is related to the

glass softening behavior. One can observe that if high field is applied (E > 750
V/cm), the temperature at which the maximum shrinkage rate is obtained during
glasssoftening (due to particles rearrangement) is following a behavior very similar
to the onset for flash sintering: being the particles rearrangement preceding FS of 80
i 110°C. This can be related to the fact that Joule heating takes place during the
incubdon of FS and this leads to an anticipate glass softening event. Nevertheless,
if a lower field is applied (E < 750 V/cm), the softening temperature is weakly
changing, even decreasing the field down to 0 VV/cm. This can be due to the fact that
in these s the softening temperature is enough far from the onset for flash
sintering, so the Joule effect can be neglected. Additionally, in such a temperature
region the glass is more resistive than alumina (power dissif&itione@Bt in

thus it is marginally involved in the charge transport mechanisms.
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Figure 63: DSC of MgGCA powder (heating rate = 20°C/min).

At this point the attention should be focused on the electrical behavior of MgGCA
during the third stage of FS, after the current limit reaching. Indeed, the sample
temperature is unknown because of Joule heating. Therefore, similarly to what
reported fqoure alumina, we estimate the sample temperature using the power
balance equation (Eq.10) in the second minute after the flash event. The plot is
based on the approximation that the sample temperature is considered to be
homogeneous. This is not the gedition because a temperature asymmetry

close the two electrodes takes plgeee35pointed out that the anode is hotter

than the cathode wheremlumina is flash sintered; similarly Fig. §lih9Ref.

reveals that one electrode istéritgian the other. Nevertheless, we can notice

that in both the cases the sample volume where such asymmetry is present is very
limited with respect to the total volume of the sample. Therefore, the assumption of
homogeneous specimen temperature seeniersat unreasonable.

The best fit of the experimental results was obtained using an emissivity of 0.54 and
an activation energy of 2.5F&yure64). Several considerations arise from the

observation Bfgures4

i. The sample temperature is in almost all cases lower than the liquidus

temperatre as previously shown.
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The estimated emissivity is not far from data available [b9lterature

199]

The material during the third stage of FS is more conductive than what
expected from the conductivity measurements carried out before the flash
event. This can be related to the activation of differenpattfusion

during the process.

The activation energy for conduction is different before and after the flash
even. In particular during the third stage of FS the activation energy is 2.5
eV, and even changing the emissivity in a wide range)0Q is

always higher than 1.1 eV. These values are far higher than the energy
barrier for conduction estimated during the incubation (0.7 eV);
highlighting the activation of different mechEmiswadue of Q during

the third stage of FS is well comparable with the activation energy for
diffusion in silicate melts and glasses; in fact value in the range between
1.112.9 eV have been previously reported, fdgSand @ 'diffusion
[193,20204] This is suggesting that the glassy phase is playing a
central role in the wtransport mechanisms during the flash.

1355°C = Liquidus
Q=0.7eVv

Resistivity pefore flash sintering

£=0.54

0.62 0.64 0.66 0.68 0.7
1000/T, [1/K]

: Resistivity during the third stage of FS as a function of the

estimated sample temperature for MgGCA. One can observe that the

behavior

is different from what measured during the incubation of the

process (black line). Modified form [187].
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A comparison between the estimated resistivity during FS for the two systems: pure
aluminand glassontaining alumina is providE@djimes5 The figure refers to

two different values for emissivity: 0.5 and 0.7; these valuesnvaneelmse

this emissivity range the best were obtained. One can observe that the two systems
present far different behavior. First, the activation energy for conduction (i.e. the
slope of the plots) is higher in thecglasining system. Thus, theuctiod

mechanisms for the two materials are undoubtedly different: whereas for pure
alumina conduction is probably mainly electronic and enhanced by the formation of
partiallyeduced structures, in the case ofcglasiing alumina a central ionic
contibution can be point out, according to the Q values.

Second, we can observe that the two resistivity plots are somehow intersecting each
other. This suggests that if the temperature is low (right portion of the plot) MgGCA is
more resistive, while inéngathe temperature MgGCA becomes more conductive.
This is not particularly strange considering that the point acquired at low temperature
are closer to the filesh behavior: MgGCA being more resistive than pure alumina

in the temperature range beferath everfigures?. Conversely, increasing

the applied current and the sample temperature, the glassy phase rapidly decreases
its viscosity alling faster conduction via liquid phase diffusion.

The presence of ionic conduction for MgGCA is yet proved only by the resistivity
plots; nevertheless, some other experimental evidences can prove this phenomenon.
Figures6 provides an EDS linsescan analysis of the Mg concentration close to the
anode and cathode for a sample treated using 2amé\/r&i VV/cm. One can

observe that an higher Mg otratimn was recorded ircétbodiarea, while a

lack of magnesium is present close to the anode. Moving from the electrodes, the
Mg counts reached a plateaur@0 and- 300em from the cathode and anode,
respectively; starting from these pintsnttentcation is constant in whole the

gage section.
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Figure 65: Electrical resistivity as a function of sample temperature for

pure alumina and magnesia silicate glass-containing alumina assuming € =

0.5 (a) and 0.7 (b).

Similar results can be observed also by EDS-igwap87 points out the

formation of a magnesium enriched area close to the cathode; while the
concatration of silicon is substantially constant. The Mg enriched area grows with
the applied field and it forms a quite wide staiDU€iag &/cm. The results are
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therefore clearly showing that a contributihnoifjMton to conduction during

the pocess is present.
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Figure 66: Ratio between magnesium and aluminum EDS counts at
different distances from the cathode (black circles) and anode (red
triangles) in a MGGCA sample treated with 750V/cm and 2 mA/mm”.

Modified form [187].
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Figure 67: EDS concentration maps for Al, Mg and Si in the cathodic area
of a MgGCA sample treated with 2 mA/mm2 under 500 (a) and 1000V/cm
(b). Taken form [187].
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Additional information can be obtained by XRD analysis. The spectra collected on a
MgGCA specimen treated usirfg\4/@én and 2 mA/mm2 are repoifégune

68 The spectra are referred to different areas of the sample: cathode, anode center
of the gage section. One can observe that in the central part of the specimen the
only crystalline phase g@mesis corundum; this is in agreement with the
microstructural results discussed in the previous section, which suggested that the
glass was not crystallized during the treatment.

Conversely, in the anodic area the peaks of mullite are recordeldsagrthh smal
related to M@&bOs spinel can be observed. In this zone the glass was therefore, at
least partially, crystallized. At the cathode mullite is still present; nevertheless, the
main crystalline phase, excluding corundum, is the spinel stitiisfishe felg

migration toward the cathode, which lead to the formation of a MgO enriched area,
allowing the spinel formation. The precipitation of the new phase could be
accelerated by the presence of the melt and by the high temperature, which is
probaly reached close to the electrode as a result of current concentration.

Finally, it is possible to notice, in the spectrum collected close to the cathode, the
presence a two small peaks that could be related to metallic silicon. Although quite
limited, ame blackened areas are present in this region; these are probably
associated to a partial reduction of the material, which in some cases leads to a
complete reduction of the silica glass. Obviously, the reduction starts from the less
stable oxide and, aating to Ellingham diagrams, silica is characterized by an
higher free energy of formation when compared with alumina [@0B)agnesia
therefore it is feasiero to be reduced.
the metallic specie is observed. The experimental results are thestfgre sugg
that at the cathode S8 progressively reduced and MgO reactsOafthiming

the spinel.
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Figure 68: XRD spectra collected on the cathode (a), anode (b) and center
of the gage section (c) on a MgGCA sample treated using 1000 V/cm and 2

mA/mm>.
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Several cathodic reactions, involving ionic species, can be proposed at metal

ceramic interface:

w® prcl ¢Q ° ¢ (43)
T® 06 gQ oo (44)
08 -0 ¢Q da © 0 "QU & (45)
08 -"YQ CQ 8 O DU YQ (46)

While at the anode could take place:

6 0 B plgo cQ (47

0 O p¥c b ¢Q (48)

Additionally, an electronic contribution to conduction cannot be completely excluded,
even if the activation energy during FS is in good agreement with ionic diffusion. So,
the system is for sure very complex. Nevedbeiessonsideration deserves to

be proposed.

Reactions 43 and 44 could occur both on the glass and on alumina, similarly to what
reported in the section regarding FS for pure alumina. These two reaction deals with
the possible annihilation mechanismrfmdcbgygen vacancy: the first referred to

a system in which the molecular oxygen reduction is enough fast, the latter referred
to an oxygen deficient system leading to a partial reduction of the oxides.

Reactions 45 and 46 involves magnesium and spipiifisrmatiod QGO

0 00 ). Reaction 45 is referred to a system in whiokadlg with gaseous

oxygen and electrons in order to form MgO which is incorporated in the spinel
structure. Nevertheless, while sintering is proceeding reactionest5 becom

progressively slower as a result of the decrease in surface area (the peaction with O
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can take place only on the pores surface). Hence, the silica itself becomes a source
of oxygen and the MgO formation happens at the expebs&iltaSi©
impoveshed of oxygen antf Bithus reduced by the electrons consumed at the
cathode. It is nice to observe that the blackened areas in MgGCA sample were
always located under the sample surface, within the specimen. In other words, the
reduced areas are fatmnadere molecular oxygen cannot be provided, preventing
reaction 45 to occur, thus enhancing reaction 46.

Mg*motion toward the cathediedds to the asymmetry observed in magnesium
distributiorF{guret6 Figures?) and to spinel formatligures9. Yet, it is not

completely clear how the gtasstsre is modified once th&tisggmoved from

the vitreous reticulum. When-g®@ionic bond is broken, magnesium starts to

move toward the negative electrode as a sort of positive interstitial in the glass.
Nevertheless, this would lead torthatibn of two adjacenttminlying oxygen

with negative charge. This structure is obviously unstable; therefore it could be
stabilized if anothergoming from the positive electro side, falls between the

two no#bridging oxygen. This mechanidthgantially explain the behavior but it

leaves two open points:

i. The motion of each*Mshould be well coordinated with the other
magnesium ions;
ii. This mechanism is just shifting the problem closer to the electrodes.

Another possible mechanism is shd@aguie69 This mechanisms is derived

from what reported by Varshi@@@describing the structural rearrangement of

the glassy structure when alkali ions\ang.nho this case the twolminiging

oxygen witll charge collapse forming a bridging oxyger*dreeddd which

moves as an interstitial toward the anode. This anion would be oxidized in the anodic

region forming molecular oxygen, accordengit; Ré.
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Figure 69: Structural rearrangement of glass structure during E-Field

induced magnesium migration.

Yet, oxygen deficient structures can be formed during the process; this is a fact
confirmed by the formation of the blackened areas. If we assume, similarly to what
reported for pure alumina sample, that also in MgGCA different degree of reduction
could beroduced out from the black zone this could explain several open points.
First, the absence of some oxygen ions can produced a wide series of defect which,
in many cases, interrupt the glass chain RA@tlitescould lead to a change

in the viscous properties of the glass and, reasonably, to a decrease in glass
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viscosity which allows a fast densification. Therefore, the formation of non
stoichiometric Siéduld be at the base of the observed sintering bielchvior w
cannot be accounted onl w2lbDensificatiol e heat
behavioand Microstructural Evoldition

Additionally, it has baeported that oxygeficient silica is characterized by

slower crystallization process when compared with stoichipf2é8i@0SijO

This could account for the fact that mullite was formed close to the anode while in
the cendtl part of the gage section and the cathodic area the mullite signal is very
weak. In fact, the oxygen vacancy migration toward the cathode and interstitial
oxygen motion toward the anode lead to the formation of oxygémnctefiegent

only far frorheé anodic area. The formation -staiohiometric Si€an therefore

explain both the crystallization and densification properties observed during FS
experiments.

One final point deserves to be point out: the blackening behavior of MgGCA is
asymmetric hen compared with pure alumina. In fact, in pure alumina the
blackening process started from the anode, whereasoimtaglasg alumina it

starts from the cathode (similarly to what reported for YSZ). This behavior has two
different reasons:

i A central contribution to the formation of the blackened areas in MgGCA
is given by Mg ions migration toward the cthbde iechanism
would not be observed in pure alumina.

ii. The mobility @6 (B in the glass is much higher than in crystalline
corundum. This lead to the formation of an oxygen vacancy reach area
close to the cathodg it MgGCA. Conversely, in pure alumina the
conduction during FS is mainly electronic and, when a vacancy is
produed at the anode (Reaction 47), it is suddenly reduced leading to

the formation of the parietlyced blackened structures.

In this chapter we showed that also in magnesia silicattagtéisg alumina the
material can be partially reduced durifigsBGintering experiments. Such

reduction presents features different from those observed in pure alumina: the
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blackening in MgGCA is located at the cathode, while in pure alumina it starts from
the anode. These results point out that the elecaitafistia of the system can
strongly interact with this phenomenon, which can be at the base of the rapid mass

transport phenomena observed in FS.
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5 Conclusions

In this work we showed that flash sintering can be successfully applied also to
insulating ceramics likalumina. In particular, 99.8% pure alumina can be flash
sintered, achieving almost complete densification, at 900°C in 2 min using 1500
V/cm and 6 mmAm. A further decrease of the firing temperature is obtained by
using different conductive pastes at the metal -el¥eimideinterface. In

particular, the use of silver paste or-bageohcement allows a consistent
reduction of the onset flagbrsig temperature.

The applicability of flash sintering was also extended tesilicaiaegiass

containing alumiffde results show that glass addition allows faster densification
via liquid phase sintering mechanisms. The electric fieldlmatient inpgract

with the different stages of liquid phase sintering: it lowers the temperature at which
particles rearrangement take place, this being associated with the vitreous phase
softening. Nevertheless, the magnitude of the shrinkage hedastagéo is

almost independent from the field. Much more significant field/current effects can be
observed at higher temperature when the system reaches the current limit. In this
case, glass addition allows an almost instantaneous densificatisnpeittemode
dissipation in the specimen.

The photoemission spectra obtained during the Il and 1l stage of flash sintering are
in all the cases coherent with a thermal radiation. The black body model represent
the best interpretation for the optical phemtmegathe flash event. These

results shade some light on this point and provide a different interpretation from
those actually available in the scientific literature, mainly based on
electroluminescence.

A deep literature study allowed to point guafindies between flash sintering

and dielectric breakdowr}aumina. The analogies are both theoretical and
phenomenological. The experimental results show that the flash event can be easily
reproduced in porous alumina, rather than in dengesspéisntenclusion is in
agreement with the behavior observed in dielectric breakdown experiments.
Moreover, we show that during the incubation of flash sintereakdoyre

conduction behavior can be pointed out.
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Singular phenomena were obsenwagl ftash sintering experiments: a drop of the
activation energy for conduction (pure alumina), abnormal and oriented grain growth,
formation of blackened areas and unusually fast mass transport phenomena and
densification. A possible explanation cbalskteon electrolytic reaction during

the flash process, which lead to the formation-stbhiometric oxide. This
explanation, confirmed by XPS and PL measurements, is coherent with the

formation of partially reduced regions often observeshieXp€ritaents.
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6 Future Perspectives

This work provides an insight into the flash sintering behavior of commercially pure
Ualumina and glassntaining alumina. It also provides a discussion about the
possible mechanisms involvBasim sintering of oxide ceramics. However, it still

lacks in the scale up the process toward an industrial application.

Future activities can be therefore focused on the definition of procedures and
methodologies that allow an industrial applichisotectirtology. The process
based on the so called fAtravelling &ele
seems one of the most promising one.

Furthermore, other scientific points still deserves to be investigated. Among them,
the atmosphere effentthe onset flash sintering temperature is one of the most
interesting. l.e. it has been shown that the flash event in Ar is anticipated of
hundreds degrees with respect to air; but it is still not clear if this is associated to a
change of the mater@aiductivity in inert atmosphere or to an interparticle plasma
formation due to the low dielectric strength of argon. Tests in other inert
atmospheres with different dielectric strengthddikeshbdes some light on this

point.
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List of abbreviation and acronyms

AC Alternate Current

CVD Chemical Vapor Deposition

DC Direct Current

ECAS Electric Currefssisted Sintering
EDS Energy Dispers¥eaySpectrometry
FAST FieldAssisted Sintering Techniques
FE Flash Event

FS Flash Sintering

FSPS Flash Spark Plasma Sintering
GCA GlassContaining Alumina

IR Infrared

LSCF LanthanuiBtrontiurCobalt Ferrite
LVDT Linear Variatfferentiakd@nsformer
MgGCA Magnesia Silicate Gl@ssitaining Alumina
NIR Near Infrared

PVD Physical Vapor Deposition

SEM Scanning Electron Microscopy
SiIGCA Silicate Glag3ontaining Alumina
SPS Spark Plasma Sintering

TEOS Tetraethyl @osilicate

TRD Thermdreactive Deposition

uv Ultraviolet

VIS Visible light

XPS X-Ray Photoelectron Spectroscopy
XRD X-Ray Diffraction

YSzZ YttrisStabilized Zirconia

ZAS ZirconigAlumingilica
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