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Abstract

The remarkable discovery of flash sintering came across
during the early work of Cologna et al. and emerged as an attractive
technique in the field of ceramic processing. In this technique the ap-
plied electric field initiates the “flash” event, while the densification is
controlled by the current density set. Sintering occurs in less than 5 s
at a threshold temperature for a given applied field.

The objective of this thesis is to analyse the phenomena of
flash sintering with different ceramic oxides; such as alumina-zirconia
composite, hydroxyapatite and doped-alumina. The technique in-
volved the application of constant electric field to a dog bone shaped
specimen by means of two platinum electrodes while heating. Exper-
iments were performed either in constant heating rate or in Isothermal
condition.

For the two-phase 3YSZ-alumina ceramic flash sintering
was studied by constant heating rate (CHR) and isothermal sintering
experiments. In CHR experiment the 50 vol% 3YSZ-alumina compo-
site was shown to flash sinter at a furnace temperature of 1060°C
under an electrical field of 150 V cm™. Conversely, undoped single-
phase alumina remains immune to sintering under fields up to 1000 V
cm™, although single-phase 3YSZ flash sinters at 750°C (furnace
temperature). The mechanisms of field assisted sintering are divided
into two regimes. At low fields the sintering rate increases gradually
(FAST), while at high fields sintering occurs abruptly (FLASH). Inter-
estingly, alumina/zirconia composites show a hybrid behaviour such
that early sintering occurs in FAST mode, which is then followed by
flash-sintering. The specimens held in the flashed state, after they
had sintered to nearly full density, show much higher rate of grain

growth than in conventional experiments. These results are in con-
i



trast to earlier work where the rate of grain growth had been shown to
be slower under weak electrical fields.

In the case of isothermal field-assisted sintering of two-
phase, 50 vol% 3YSZ-alumina, the composites exhibit an incubation
time for the onset of the flash event. Weaker applied fields and lower
temperatures lengthen the incubation period. The effect is highly non-
linear. For example at 1300°C and 150 V cm™ the flash occurs nearly
instanteously (in 10 s), but extends to two hours at 1275°C and 65 V
cm™. This behaviour is reminiscent of nucleation and growth phe-
nomena in chemically driven experiments involving phase transfor-
mations in the solid state. Here, a model for nucleation under electri-
cal driving forces, based upon the growth of embryos of colossal
permittivity is presented.

The flash sintering was also studied for composites with in-
creasing volume faction of alumina in zirconia (10-50 vol%). The flash
onset temperature or the incubation time for the 3YSZ-alumina com-
posites increases with increasing the alumina volume fraction.

In case of CHR experiments of hydroxyapatite, flash effect
was shown at 840°C for an applied field of 2000 V cm™. All the flash
sintered samples show stable hydroxyapatite phase. However the
sample sintered at 500 V cm™ requires higher sintering temperature
and shows enhanced preferred orientation due to higher diffusivity
along c-axis.

In case of alumina, field in excess to 1000 V cm™ are re-
quired to induce flash effect, whereas doped alumina shows flash sin-
tering at 1000 V cm™.
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Chapter 1
Introduction

Ceramics are classified as inorganic and non-metallic mate-
rials that are essential to our everyday life. They include materials
that are weak and strong; friable and tough; opaque and transparent;
insulator, conductor, and semiconductor; high melting and low melt-
ing; single crystal, polycrystalline, and composite; and so on. The
manufacturing and use of ceramics began about 7000 BC [1]. In gen-
eral, ceramic fabrication requires three main successive steps, first
and foremost the synthesis. There are many different methods in or-
der to synthesise powder, like solid state synthesis, sol-gel method,
hydrothermal method etc. The second step is to shape the powder
into required shape, also called as green sample; and the third, most
important is the final step called as sintering.

Sintering involves high temperature treatment of the green
sample at a temperature little lower than the melting point of ceram-
ics. It leads to dense ceramics with very less porosity. During the sin-
tering treatment, several phenomena provide the driving force for
consolidation and densification. These could cause some effect on
grain growth, phase stability, etc. Therefore the final properties of ce-
ramics strongly depend on the sintering process. The sintering can be
classified depending on the driving force acting on it. Some of the
most common techniques are solid state sintering, pressure assisted
sintering and field assisted sintering; which are discussed in detail in

the next chapter.



In 2010 Cologna et al. introduced a new field assisted sinter-
ing technique, where densification occurs in few seconds called as
flash sintering [2]. The flash sintering process gains more attention in
the processing of ceramic oxides, due to its high sintering rate and
low energy consumption.

The present work sets out to investigate the flash phenome-
non in three different ceramic oxides: alumina-zirconia composite,
hydroxyapatite, and alumina (doped and un-doped alumina). The
flash experiments, prior to this thesis, were conducted only on single
phase or doped ceramics oxides. Among various flash sintered ce-
ramics, yttria stabilized zirconia was the widely studied ceramic oxide
to understand the mechanisms involved during flash sintering [2—7]
Studies on pure and MgO-doped alumina suggest a role for grain
boundary conductivity. Whereas pure alumina remains inert to the
applied field, the addition of MgO, which is known to promote conven-
tional sintering by segregating to grain boundaries,[8] instills flash sin-
tering in alumina [9].

Both, alumina and 3YSZ known to have different electrical
properties; the 3YSZ act as ionic conductor and Al,O3 is known for its
insulating behavior. The solubility of alumina in zirconia is very low:
that is at 1700°C the solubility of 8YSZ in alumina was 0.5-0.8 mol%
[10], approx. 0.7 mol% when sintered at 1650°C [11] and is around
1wt% when sintered at 1500°C [12]. Sintering with different volume
ratio of Al,O3; and zirconia was found to modify its microstructural,
electrical and mechanical properties [13-17]. From this knowledge,
equal volume composite constituted from alumina and yttria stabilized
zirconia was studied using electric field assisted technique. To our
knowledge this is the first study of flash sintering in two-phase ceram-
ics. The DC electric field was employed in two-electrode experiments

to obtain densification of these composites at low furnace tempera-



tures. The results are compared to conventional sintering. Similarly
the role of alumina in flash sintering of composite is also investigated.

The second oxide studied by field assisted sintering is hy-
droxyapatite (HA). HA is one of the most commonly used bio ceram-
ics for biomedical applications such as bone implantation due to its
structural similarities with bone tissue resulting in a superior biocom-
patibility [18-21] . HA ceramics facilitate the new bone formation after
implantation and increase the osteoconductive properties. HA can be
synthesized by different processes; however for the implantation ap-
plication it requires to be in dense form. The densification is usually
achieved by sintering. In order to obtain highly dense HA the sintering
process has to be carried out at high temperatures with longer hold-
ing time. Such sintering treatment can therefore have various effects
such as; alter the microstructural properties like grain size, leads to
phase instability and undesirable chemical reactions. These altera-
tions can in turn have a negative impact on properties like bioactivity
and mechanical strength of HA [22].

In order to overcome the above mentioned negative impacts
researchers have recently shown interest in reducing the sintering
temperature and time in order to obtain dense HA with high mechani-
cal strength and desired microstructure while preventing the phase
transformation. Furthermore, the energy and thus the cost associated
with the process is also reduced by decreasing the sintering tempera-
ture and time. Traditional methods for enhancing sintering rates and
lower the sintering temperatures include pressure assisted methods
such as hot pressing [23,24], hot isostatic pressing [25], sinter forg-
ing and liquid phase sintering. Another approach is the use of Field
Assisted Sintering Techniques (FAST) such as microwave sintering
[26,27] and spark plasma sintering (SPS) and flash sintering. These
methods involve application of different electro-magnetic fields
[28,29].



The third oxide studied by electric field assisted sintering is
alumina. Flash sintering of 0.25 wt% MgO doped alumina was known
to occurs at 1000 V cm™, while undoped alumina remains unaffected
for the same applied field [9]. Electric field higher than 1000 V cm™
was applied to un-doped alumina, in order to observe if applied field
in excess to 1000 V cm™ can influence flash sintering. The flash sin-
tering behaviour of MgO-doped and Fe,O3; doped alumina is com-
pared at applied field of 1000 V cm™ for two different dopant concen-
tration.

The structure of this thesis is as following. In chapter 2, a
short overview of sintering and some field assisted sintering tech-
nigues have been discussed. The flash sintering technique is briefly
described with the help of the reported results, which provide basic
understanding and are helpful for further discussions on flash sinter-
ing. Chapter 3 provides the experimental method and procedure used
for this study. Chapter 4 is divided into five sections. Each section
demonstrates a new experimental technique. The first three sections
discuss the results on alumina zirconia composite. The fourth section
demonstrates the results on hydroxyapatite. The fifth section de-
scribes the results on pure and doped alumina. Chapter 5 describes
the novel conclusions form the chapter 4. The present thesis demon-
strates the flash sintering approach with original results and some

new findings to explain these results.



Chapter 2
Literature review

For ceramics processing, different methods have been men-
tioned in the literature. In this chapter we will discuss some useful sin-
tering techniques to build up a scenario for flash sintering.

2.1 Sintering

Sintering is a processing technique used to produce density-
controlled materials from powders by applying thermal energy. Sinter-
ing can be achieved by heating the green sample or powder compact
to a temperature 2/3 of its melting point [30,31].

2.1.1 Driving force for sintering

Sintering always occurs by lowering the free energy of the sys-
tem. The sources which lower the free energy provide the driving
forces for sintering. The possible driving forces for sintering are [32]:

a) The curvature of the particle surface
b) An externally applied pressure
¢) Chemical reaction

In the absence of an external applied pressure and chemical reaction,

the decrease in surface free energy (Es) of the system for spherical

particles with radius a is given as:



E, = 37svVm (1)
a

where y,, is the specific surface energy of the particle and V,, is the

molar volume. The decrease in surface energy is inversely propor-

tional to the radius of the particles.

2.1.2 Matter transport

The driving force initiate the sintering, but actual sintering
requires transport of matter. In crystalline solids sintering occurs by
diffusion process involving atoms, ions, or molecules [32]. The pres-
ence of defect in the crystal will allow diffusional mass transport to
take place. In general, defect can be classified into three groups:
point defects (Vacancies, interstitial atom and substitutional atoms),
line defects (dislocations) and planar defects (free surfaces, grain
boundaries, and crystallographic shear planes). Mass transport and
also electrical properties of ceramics are mostly determined by the
number and type of point defects. Most of our discussion will be con-

fined to point defects in ceramics.

2.1.3 Mechanisms of sintering

As described above, the driving force for sintering of parti-
cles provides the path for diffusional transport of matter. However, the
matter transport along definite paths defines the mechanisms of sin-
tering. Looking at the assembly of three particles (Fig. 2), there are
six different mechanisms of sintering which are represented by num-
bers in the figure below. The mechanisms are based on matter
transport from source to the sink. The source of the matter transport
determines the six different mechanisms, since the sink for diffusion
is always the neck of the particle. The neck of the particle has cer-

6



tainly much lower energy and thus always will be the sink for the
mass transport. Different mechanisms characterised by the source
and the sink are described in table. 1. Only some of these mecha-
nisms as indicated in the table contribute for densification.

Grain boundary

. Surface diffusion

. Lattice diffusion {from the
surface)

. Vapor transport

. Grain boundary diffusion

. Lattice diffusion {from tha
grain boundary)

. Plastic flow

4= L

Fig. 1 Material transport paths during sintering [32]



Table 1. Mechanism of Sintering in Polycrystalline Solids [32]

) Source of Sink of .
Mechanism Densifying
Matter Matter
1. Surface diffusion Surface Neck X
2. Lattice diffusion Surface Neck X
3. Vapor transport Surface Neck X
4. Grain boundary . \/
diffusion Grain boundary Neck
5. Lattice diffusion Grain boundary Neck \/
6. Plastic flow Dislocations Neck \/

2.1.4 Stages of sintering

The general process of solid state sintering is normally
known to occur in three different stages- initial, intermediate and final.
Fig. 11 schematically depicts the densification curve along with the
microstructure during each stage of sintering.

Stage | (Initial stage): The initial stage consists of rapid in-
terparticle neck growth by diffusion, vapour transport, plastic flow or
viscous flow. The driving force during the initial stage is the large dif-
ference in surface curvature of the particles. Densification is accom-
panied by neck growth for the densifying mechanisms (see table 1).
For a powder system this corresponds to a linear shrinkage of 3%-
5%, or an increase in relative density of approx. 0.65 when the densi-

fying mechanisms dominate.



Stage Il (Intermediate stage): Once the necks are formed
between the particles, pores form interconnected channels along the
three grain edges. As sintering proceeds, the pore channels get dis-
connected and form isolated pores because of surface and interfacial
tension. Densification is assumed to occur by the pore shrinking to
reduce their cross-section and at the same time the grains grow. This
is the beginning of final stage of densification. The intermediate stage
covers the major part of sintering process and ends when the density
is approx. 0.90 of the theoretical.

Stage Ill (Final stage): The final stage begins when pores
pinch off and become isolated at the grain corners [33]. The pores
are assumed to shrink continuously to zero size in stable fashion. The
relative density obtained in the final stage is always > 0.90 of the the-

oretical.
] ooy

e final stage (isolated pores)
.*-3“ N SN
z intermediate stage ’3?’:._ q "‘f
8 (interconnected pores) — 2- -u\.{ %) ‘t:.,'
0 "t LRSS S
> g - ‘. "v }’ - ..
= o (Y AR s T~ o ’\4 ‘Q (
g (=¥ T Nl Stage Teck Tormation) 322
N

~ green body

Sintering time

Fig. 2. Schematic representation of the densification curve of a pow-

der compact and the three stages of sintering [32][34].
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2.2 Types of sintering

2.2.1 Pressure Assisted sintering

Sintering is also enhanced by externally applied pressure in
order to obtained sufficient densification. The sintering techniques
involving external pressure are hot pressing, hot isostatic pressing
and sinter forging or hot forging. Among the three techniques hot
pressing is the most widely used technique to provide dense ceram-
ics. The main advantage of pressure assisted sintering is the ability to
enhance densification rate relative to coarsening (that is high density
and fine grain size). The technique can be also useful for highly cova-
lent bonded ceramics and for ceramic matrix composites.

2.2.1.1 Hot Pressing

In hot pressing, heat and pressure are applied to a sample
in the form of powder or a green compact, in a die (Fig.4a). Graphite
is the most commonly used die material because of its low cost, ease
of machinability and excellent creep resistance at high temperature.
However, use of graphite has its own common problems such as its
oxidation and chemical reactivity with the samples, which limits it's
used during hot pressing. The technique uses operating pressures
ranging from —~ 10 to — 75 MPa and operating temperature up to

2000°C or higher, depending on the material to be sintered.

2.2.1.2 Hot Isostatic pressing (HIP)

In HIP the pre-consolidated powder is first enclosed in a
glass or metal container that is sealed under a vacuum and then
placed in a pressure vessel. Alternatively, the sample is first densified

10



till close porosity, prior to HIP. The external pressure is applied by
compressing inert gas (Fig.4c). HIP systems designed for inert gases
can routinely be operated at temperature up to —~ 2000 °C and
pressures up to ~ 200 MPa (30,000 psi).

2.2.1.3 Sinter-forging (hot forging)

The technique is similar to that of hot pressing except no die
is used in sinter forging. In this technique a partially sintered sample
is heated with applied uniaxial stress which provides additional driv-
ing force for sintering (Fig. 4b).

gl TR

Vacuum enclosure

Insutaton

— Heating elements
Specimen

Hydrolic ram actuator system

| __— Pressure vessel

. — Radiation shields
+— Heating elements

(c)

+——— Specimen

X

Exhaust valve

Gas supply

»a
L

Heating element,
temperature, and
pressure control

Compressor

Fig. 3 Schematic for pressure assisted sintering (a) Hot Pressing, (b)
Sinter-forging, and (c) Hot Isostatic pressing
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2.2.2 Field assisted sintering

2.2.2.1 Microwave Assisted Sintering

Just as application of pressure can enhance sintering, appli-
cation of field such as electromagnetic radiation can also enhance
sintering depending upon the response of the specimen toward the
applied field.

Microwave heating is fundamentally different compared to
conventional heating. Use of microwaves allows transfer of energy
directly into the materials, where it is converted to heat through ab-
sorption mechanisms such as ionic conduction, dipole relaxation, and
photon-phonon interaction. Thus, microwave-sintering techniques al-
low a volumetric heating, which in turn allows application of high heat-
up rates, markedly shortening the processing time and overcoming
difficulties of conventional fast firing technique. The sketch of heating
pattern in conventional as well as in microwave sintering is shown in
figure 4. Microwave lies in the electromagnetic radiation band in the
wavelength range from 1 mm to 1m in free space with frequency be-
tween 300 GHz to 300 MHz, respectively.

The technique in microwave sintering is quite simple, the
sample to be sintered is placed into the cavity and microwave radia-
tion is applied to the specimen which initiates the process of densifi-

cation in much faster rate compared to conventional sintering.



Conventional Microwave

Heating element Micrawave port

Id
Insulation Furnace {Metal sheli Cavlity

Fig. 4. heating process in conventional and microwave sintering [32].

2.2.2.2 Spark Plasma Sintering

The second most widely used field assisted technique is
Spark Plasma Sintering (SPS) [35—-38]. The technique involves the
consolidation of power under the action of electric field and a uniaxial
pressure. The applied current causes Joule heating which differenti-
ates this technique from hot pressing technique. Typical experimental
setup used for SPS is shown in Fig. 5. The sample (powder) is load-
ed into a graphite die and placed into the chamber. The electrodes
force current through the graphite die and pressure is applied simul-
taneously. The most attractive features of SPS process is the en-

hanced densification with fine grained microstructure.



| [Cabon e

SPS
electric
source

Vi
N

Watercooed] 4
chamber Sample powder

Pressure

Figure 5 Schematic of Spark Plasma Sintering (SPS) apparatus.

2.2.2.3 Flash Sintering

The initial experiments of flash sintering was introduced by
Cologne et al. [2] at University of Colorado at Boulder on 3 mol% Yt-
tria Stabilized Zirconia (3YSZ). 3YSZ requires temperature of around
1400°C or more for full densification by conventional sintering. How-
ever when flash sintering was carried out on 3YSZ the sintering rate
was significantly enhanced and the required sintering temperature
was reduced. It was shown that sintering of 3YSZ can occurs in few
seconds to its full density at 120 V cm™ at a furnace temperature of
850°C. In this technique a constant voltage was applied to heating
dog bone specimen by means platinum electrode. The furnace heat-
ed at a constant heating rate of 10 °C min™.

A typical specimen response during electric field assisted
sintering of 3YSZ as demonstrated by Cologna et al. is shown in

Fig.6. The field assisted sintering is characterized by two types of

14



curves, at low electric fields (< 45 V cm'l) by FAST sintering behavior,
whereas for electric fields > 45 V cm™ showing flash sintering with

vertical sintering curves.

FLASH SINTERING ‘

60 Vicm

90 75

120 V/cm 100

_‘

| TeP
% -0.08- Vo
g 0.12- D vé
§ -0.16- [>
= 020. <> <>
024 8 % 2

Constant Heating Rate
10°C/min

(m]
% 40 {20 Viem

Fiela Essisted Sintering

(FAST)

700 800 900 1000 1100 1200 1300 1400 1500

Temperature (°C)
Fig 6. Flash sintering of 3 mole% yttria stabilized zirconia (3YSZ) [2].

The technique was also extended on other ceramic oxides.
In case of 8YSz, 30 V cm™ is sufficient to induce flash due to the
higher conductivity of 8YSZ than 3YSZ. In highly conducting samples
flash sintering is even possible at 5 V cm™ [39-41]. The sintering is

also shown less than 100 °C (furnace temperature) in case of

LapeSro4Coo2FeosOs [41]. As the conductivity of the ceramic de-

15



creases, required voltage to induce flash sintering is much higher or
occurs at higher temperature. Alumina (MgO doped) which is insulat-
ing requires applied field of 500 V cm™ to induce flash effect. The re-
quired furnace temperature as a function of applied electric field for
flash sintering of most of the ceramic oxides is shown in Fig. 7
[2,3,9,39,42-45].
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Fig. 7 Applied field verses furnace temperature for flash sintering of

various oxides. [2,3,9,39,42-45]

Flash sintering can be carried out in two different sintering
conditions. Either ramping the furnace at constant heating rate, where
field is applied after binder burnout or by ramping the furnace at con-
stant temperature and then applying constant applied field. In first
case, threshold temperature activates the flash sintering while in later

case flash sintering is accompanied by an incubation time. In both
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conditions magnitude of applied electric field monitors the flash event.
Most reported data for flash sintering are carried out by constant
heating rate experiments.

The flash sintering is described by three major processes
which occur simultaneously during flash event: Sudden shrinkage,

rapid increase in power dissipation and photoluminescence.

Shrinkage and power dissipation:

The enlarge view of shrinkage strain and power during flash
sintering of 3YSZ at 100 V cm™ is shown in Fig. 8. The plot is divided
into two parts; the upper portion of the plot represents shrinkage
strain during the flash event, while the lower part describes power
density (dissipation). Both this processes occurs at the same time
scale. The power of the specimen rises to a maximum under constant
voltage and then sharply decreases in current control mode where
power remains in steady state. The sudden rise in conductivity of the
specimen is an indelible signature of flash event. The current density
can be controlled by switching the constant voltage of power supply
to constant current mode. The line drawn at the centre of the power
peak divides the sintering into two regimes. The experiment start at
constant applied voltage to the specimen, which then increases non-
linearly when reaches to threshold temperature. This is regime |,
where power is given as V’/R; as the resistance decreases the power
dissipation of the specimen rises. Once power crosses the line, which
is regime Il where power is given as I°R; the power now declines
since the resistance continues to fall and approaches a steady state
mode. The sudden shrinkage is also observed at the transition point

and continues to shrink under current control mode.
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Fig. 8 Shrinkage and power dissipation during flash sintering of
3YSZ [46].

Photoluminescence:

The shrinkage and power is also accompanied by a growing

specimen during the flash event. The process of flash sintering is also
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seen in dense samples which much more intense glow in the speci-
men compared to porous sample. The initial report on photoemission
of dense samples is shown by Francis et al. [47]. The results of opti-
cal emission are shown in Fig. 9. The left plot shows optical emission
obtained for three different power inputs (shown at the right) in the
400 to 600 nm wavelength. The intensity increases with increased
power in the specimen. The reason behind this is not clear for the
present time, but could be related to joule heating.
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Fig. 9 Photoemission during flash sintering for three different power

surge values [47].

a) Joule Heating during flash sintering

Joule heating is defined as an increase in the specimen
temperature from the dissipation of electrical energy [48]. From the

experimental evidences, rise in power during flash event increases
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the specimen temperature. An approximate way to estimate speci-
men temperature can be obtained by assuming specimen radiates
like a black body. In the early demonstration of flash sintering, Co-
logna et at. estimated the specimen temperature based on black
body radiation model as:
AT W
T, 4AcT,

®)

where AT is the increase in specimen temperature due to power dis-

sipation W (in watts) of electrical energy, A is the surface area, o is
the black body radiation constant and T is the furnace temperature.

From the results presented by Baraki et al. on 95 % dense
sample of 8YSZ [49]. The increase in specimen temperature due to
Joule heating can be also estimated from the volumetric thermal ex-
pansion. In their experiments, cylindrical specimen with 4 mm length
with a diameter of 8 mm was subjected to known value power density
at constant furnace temperature. The instantaneous expansion and
contraction during on and off of the power density from 25 mw mm™
to 400 mW mm™ were observed and use to calculate the specimen

temperature as:

PR -
VO avol

where AT is the increase in specimen temperature due to Joule

heating, V, is the initial sample volume, AV is the change in sample

volume, and ¢

o 1S volumetric thermal expansion coefficient of the
sample.

The measurement from this analysis are in good agreement
with the estimated temperature from the black body model as shown

in Ref. [46] (Fig. 10).
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Fig.10. A comparison of specimen temperature from the experimental
measurement of Baraki et. [49] and the black body radiation model

estimated during Joule heating [46].

Another approach of measuring the specimen temperature is
by focusing pyrometer on the surface of the sample. The pyrometer is
first calibrated on the dense sample and then used for the measure-
ment. The amount of power dissipated in the specimen determines
the specimen temperature. The furnace temperature and pyrometer
temperature remains the same until onset of power surge, and then it
increases with power; and remains stable in the stable power regime.
A temperature increase of ~765°C is reported for 1445 mwW mm™ in
case of MnCo204 (Fig. 11b), when the furnace temperature is at
210°C [40]. However, in case of 3YSZ at steady state power density
of 125 mw mm, temperature increases of ~245°C (Fig. 11a) is ob-

served at furnace temperature of 880°C [46].
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b) Effect of field and current density on flash-

sintering

The major driving force for flash sintering is the applied elec-
tric field. The flash effect can be induced by both DC as well as AC
electric field. Most of the reported results above and also in this thesis
are carried out by DC electric field. Here voltage and current density
determines the final outcome of sintering. However, in case of AC
electric field experiments magnitude of frequency along with voltage
and current density controls the flash sintering process [7].

The current density plays a major role during flash sintering.
The final density obtained depends on the current settings [5,7]. The
experimental observation from Ref [5] is shown in Fig. 12. The exper-
iments were carried out at constant furnace temperature (900°C) with
an increased in current density from 20 to 100 mA mm™?. At 20 mA
mm™ the final density reported to be ~65 % which increases to full

density at 100 mA mm at constant applied voltage of 100 V cm™.
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Fig. 12 Effect of current density during isothermal (900°C) flash sin-
tering at 100 V cm™.

c) Effect of particle size on flash sintering

Initial particle size is also known to have influence on sinter-
ing kinetics. The particle must be homogeneously packed with a high
packing density. The maximum number of particles contact increases
the grain boundaries, thereby reduces the diffusion distance for rapid
mass transport into the fine pores. This effect is also demonstrated by
Francis et al. during flash sintering of 3 mol% Y,Os-stabilized ZrO;
[50]. He used four different particle sized powders ranging from 1 pm
to 10 pm and carried out flash sintering by applying 100 V cm™. Fig.
13 displays the shrinkage strain plot for 3YSZ flash and conventional-

ly sintered for four different particle sizes. The observation pointed

24



out that, flash sintering temperature increases with the particle size.
The most interesting finding from these results was the power dissi-
pation and specimen temperatures (measured by pyrometer) were
almost the same. Even though, the density decreases with increases
in particle size.
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Fig.13 Shrinkage strain in the four particle size specimens at 0 V and
1000 V cm-1, measured as the furnace is ramped up at a constant
heating rate of 10°C min-1 [50].

d) Influence of uniaxial applied stress on flash

sintering

In case flash sintering, increased in applied electric field de-

creases onset temperature for sintering. Same is true with applied
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pressure during sinter forging experiments. Typically, a uniaxial
stress is applied to a powder or partially densified compact at the sin-
tering temperature. Combined effect of flash sintering and sinter forg-
ing experiments where shown in Ref. [4], which is called as flash-
sinter forging experiment. The pressure was applied along with the
electric field as show in Fig. 14. The plate electrodes were used at
the contact point between the load cells and the specimen.

| Load Cell
Power Source

L ] L]

c L]

L ] L]

¢ ” } Camera
| .

< e |~ Sample

o o}

o L]

"~ MoSi, Furnace

piiy

Pressure

Fig. 14 Setup for flash sinter forging experiment [4].

Fig. 15 describes the densification strain during flash sinter-
forging experiment of 3YSZ at 100 V cm™ for different applied loads.
For a constant applied electric field, Increasing the applied load
(stressed) ranges from 1.5 MPa to 12 MPa decreases the sintering
temperature. Flash sinter forging was also demonstrated at the con-
stant applied load of 1.5 MPa, with varying applied electric field. In-
creasing the applied electric field reduces the onset of flash sintering,

lower than normal flash sintering temperature.
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Fig. 15 Densification strain during flash sinter forging at 100 V cm™

for different applied stresses [4].

e) Mechanism

Different mechanisms are proposed for electric field assisted sin-
tering. The Joule heating was proposed as the cause for such an
anomalous rapid sintering rate and high increase in specimen tem-
perature. According to Narayana [51], the preferential ionic and elec-
tronic conduction along the grain boundaries results in Joule heating.

This leads to enormous heating and selective melting of grain bound-
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aries. This is proposed to be the primary mechanism involved for
flash sintering.

However, according to the most common discussed mechanism
based on the experimental evidences [6,9,48,50], Joule heating can-
not be the only factor which can account for such a high sintering
rate; specimen temperature required for sintering in seconds remains
far lower than the estimated one [46].

Nucleation of Frenkel pairs was proposed to be the initial cause
for flash sintering. The concept is that, vacancy-interstitial pairs of
both anions and cations can ionize under electric field liberated hole
and electron [45,50]. The vacancy and interstitial are now free to
move within the lattice. So vacancy will migrate toward the grain
boundary and interstitial towards the pore, resulting in charge
transport and densification.
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Chapter 3
Experimental Techniques

3.1 Starting Powders

3.1.1 a-alumina

High purity, ultra-fine and agglomerate free a-alumina pow-
der (Taimicron TMDAR, Taimei Chemical Co., Ltd., Tokyo, Japan)
was used throughout this study. The as received powder is specified
to have primary particle size of 0.10 ym and a specific surface area
(BET) of 14.5 m* g™*. The powder can be nominally sintered to 3.96 g
cm™ at 1350°C. The purity of the powder according to supplier is giv-
en in table 2 [52].

Table 2. Purity and typical analysis of a-alumina.

Al,O3 Impurities (ppm)
(%) Si[Fe[Na|[K[Cu[Mg[Cul Cr [ Mmn U Th
> < <
10 8 8 3 3 2 1 <1 <1
99.99 0.004 | 0.005

3.1.2 Yttria stabilised zirconia (3YSZ)

Commercially available tetragonal zirconia (3 mol% yttria
stabilized zirconia - 3YSZ) powder (TZ-3YS-E grade; Tosoh Corp.,
Shunan, Japan) was used for studies. The powder had particle size

29



of (D 50) 0.6 um and granule size of (D 50) of 60 ym. The specific
surface area (BET) and crystallite size were 7+2 m® g™ and 36 nm
respectively. The sintered density of processed powder was 6.05 g
cm™. The chemical characteristics of the powder is shown in table 3
[53].

Table 3. Chemical characteristics of 3YSZ

Chemical characteristics (wt %) TZ-3YS-E
ZrO2 +HfO2+Y203+AI203 >99.9
Y203 5.15+0.20
Al203 0.25+0.10
Sio2 <0.02
Fe203 <0.01
Na20 <0.04
Loss on ignition (1000 °C) 1.2

3.1.3 Hydroxyapatite (HA)

(a) HA-A

Fig.16. Hydroxyapatite (HA) powders used in this study (a) HA-A and
(b) HA-B

Two commercially available hydroxyapatite (HA) powders
were used in this study. The first, labelled as HA-A (nanoX-
IMsHAp201, Fluidinova, Engenharia de Fluidos, S.A.), is spray-dried

powder, with average particle size (D50) of 2.5 £ 0.5 um. The HA was
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extremely pure with very low concentration of heavy-metals (As <0.1,
Hg <0.05, Cd <0.05, and Pb 0.5) [54]. The second one, named as
HA-B (HA Lotto 80, Eurocoating, Italy), is agglomerated powder with
particle size~2.0 um. Figure 1 shows SEM images of both powders.

3.1.4 Magnesium nitrate and Ferric nitrate

MgO doped alumina and Fe,O3 doped alumina were pre-
pared by using Magnesium nitrate hexahydrate (Mg (NO3),.6H0,
Sigma-Aldrich) and Ferric nitrate (Fe (NO3)2.9H20, Analyticals Car-
loerba) precursor respectively. The purity as per supplier is 99 % for
both the precursor. The detailed doping procedure is discussed in the
sub-section 4.5.

3.1.5 Binder

Commercially available Duramax B-1000 ceramics binder
(Rohm and Haas France SAS, BP, France), ready to use as aqueous
emulsion was used as binding agent in this study. The binder is sup-
plied as pre-dispersed in water with 55% solids in it. It has low glass
transition temperature (-26°C), density of 1.05 g/ml at 23°C, with pH
in a range of 9.0-9.8 and viscosity of <140 cP (Brookfield # 2.60 rpm).
The B-1000 binder has intrusting properties in enhancing strength of
the green ceramic specimens. The weight loss profile of binder start
at 350°C and end completely at 550-600°C [55]. The binder is added
in weight percent according to solid content in the binder and not with
respect to water based quantity.

The sample powder was mixed with required quantity of
binder with sufficient distilled water for homogeneous mixing. The
mixture was then dried overnight at 80°C and then ground to give fine

powder.
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3.2 Sample preparation

Figure 17a shows the high carbon stainless steel dog bone die
used for pressing powders. The powder (either as received or doped
or composite were mixed with 3 wt% binder (3.1.5)) was weighed and
poured in the mold. The powder was then tapped for a period 10 s
and uniaxially pressed in the die. The pressed sample was then
ejected carefully and its dimensions were measured by Vernier calli-
per. A typical green dog bone pellet is shown in Fig 17b along with its
dimensions.

Fig. 17: (a) The Picture of the mold and (b) green dog-bone pellet af-

ter ejection.

3.2.1 Alumina zirconia composite

The 3YSZ/alumina composite samples containing 10, 20,
30, 40 and 50 vol% Al,O3 were prepared by mixing required amount
of alumina (3.1.1) and 3YSZ (3.1.2) powders in distilled water. The
suspension was dried and ground in a mortar. The powder was then
mixed with 3 wt% binder (3.1.5) and deionized water. The mixture

was dried in an oven at 80°C and ground again to powder. Similarly,
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3YSZ and a-alumina powders were mixed with 3 wt% binder (3.1.5),
following the same procedure. The powders were then uniaxially
pressed in dog-bone shaped pallets. For the samples used in section
4.1 and 4.2 have a relative green density of 52 +1% for 3YSZ, 58
+1% a-alumina, and 53+1% for the composite. The dimensions of the
green sample are given is Fig. 2b. Whereas the samples used in sec-
tion 4.3 have a relative green densities of the pressed samples, given
at increasing concentration of Al,Os were 48 +1%, 48 +1%, 48 +1%,

49 +1% and 50 +1% respectively.

3.2.2 Hydroxyapatite

Two commercially available HA powders discussed above
(3.1.3) were mixed with 3 wt% binder (3.1.5), with sufficient amount of
deionised water. The resulting slurries were dried overnight at 110°C
in an oven. The cakes were then ground to powder which were uniax-
ially pressed in to dog-bone shaped samples at a pressure of 120
MPa. The relative density of the green samples was 44+1% (Pineoretical
=3.164¢ cm'3). The samples obtained were 21 mm long with rectan-

gular cross section of 3 mm width and 1.78 +0.03 mm thickness.

3.2.3 Undoped and doped alumina

The starting material used was un-doped alumina (3.1.1).
MgO and Fe,O3 doped alumina were prepared with two different con-
centrations: 0.5 wt.% and 1.0 wt.%. The doping was performed by
adding the alumina powder to a solution of Magnesium nitrate or fer-
ric nitrate (3.1.4) and deionised water [56,57]. The proportioned pow-
der mixture was wet milled for 12 h in deionised water using a poly-
ethylene bottle and high purity alumina balls. The suspensions were

oven dried, ground to powder and calcined at 800°C for 2 h in order
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to decompose nitrate. The un-doped alumina (3.1.1) and doped alu-
mina powders were then mixed with 3 wt.% binder (2.1.5) and
pressed in to a dog bone pellet (Fig. 4) in order to use for flash sinter-
ing experiments.

3.3 Experimental set up for flash sintering

The experimental arrangement for flash sintering is sketched
in Fig. 18. The flash sintering or two electrode sintering behavior is
measured by suspending the dog bone sample into the furnace. The
platinum wire serves as electrode and also acts as current carrier in

the circuit. The setup is made up of different components.
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Fig.18. Flash sintering setup and dimensions of dog bone pellet.

3.3.1 Furnace

Two types of tube furnaces were used in this study. One

was vertical and other was horizontal tube furnace. All the furnaces
34



used are electrical resistance furnaces, in which current carrying re-
sistor, called the furnace element or winding, serves as the source of
heat. Fig. 19 provides the different furnaces used and its experi-
mental setup. The furnace shown in Fig. 19a was manufactured by
Deltech Inc. (Denver, CO) with 50 mm diameter alumina tube [47].
The furnace elements were made up of MoSi, and temperature was
controlled by Eurotherm 2404 PID temperature controller, with B-type
thermocouple. Whereas, the furnaces shown in Fig. 19b (RT 50,
R&D Srl, Mazzo di Rho, ltaly) and Fig. 19c (HTRH 100-300/18,
GERO Hochtemperaturéfen GmbH, Germany) are manufactured by
Nabertherm, with a tube diameter of 40 mm and 100 mm respective-
ly, and the temperature was controlled by in build programming soft-
ware provided by the manufacturer. The sample temperature is also
measured by s-type thermocouple which was places 0.5-1 cm away,
in order to protect it from joule heating, which was observed during
flash sintering. The specimen is suspended in the tubular furnace ex-
actly at the center of the heating zone.

Fig.19. Furnaces used for the flash sintering experiments.
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3.3.2 Digital Multi-meter

The current flowing through the circuit was monitor by
Keithley 2000 or Keithley 2100 and was connected to the programing
software by means of GPIB interphase (Keithley 2000) or USB
(Keithley 2100).

3.3.3 Power supply

The electric field required for flash sintering was supplied by
power supply. Different power supplies were used due to the limited
voltage applicable by some power supplies. The Sorensen DLM300-2
has a power limit of maximum 300 V and maximum current capacity
of 2 Ampere. The other power supplies used were Glassman
EWO05R120 high voltage power supply (Max. 5 KV and 120 mA) and
Glassman FJ2P60 (Max. 2 KV and 60 mA). Sampling of applied volt-
age data was done with the help of NI USB 6009 interphase.

3.3.4 CCD camera

The sintering was monitor by CCD camera (Imaging Source
DMK 41-AU02), focusing on the sample through optical filter (Ed-
mund Optics Ltd) and fused silica window (Edmund Optics Ltd). The
images were captured in the form of Avi file and then deframe it into
images at regular intervals. The camera can also collect images at
0.5 to 1 frame per seconds. However in video mode, it can go up to

16 frames per second [47].
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3.4 Experimental procedure

3.4.1 Flash sintering of 50 vol% 3YSZ/AI;O3
composite
a) Constant heating rate (CHR)

The experimental setup (Fig. 18) for flash sintering is de-
scribed above (Fig. 19a) used for the flash sintering experiments. The
specimen is suspended in the hot zone of a tubular furnace by two
platinum electrodes, which also serve to carry electric power to the
specimen. The platinum wires were connected at the handles of the
specimen with platinum paste to make good electrical contact and
facilitate a uniform current flow through the gage-section of the dog
bone specimen. Note that the platinum paste was used only at the
electrode contact that is at the two holes of the dog bone, and not on
the entire gage-section of the dog bone sample.

The sintering experiments were carried out by pre-heating
the specimens at 600°C for 1 h to remove the binder. After binder
burnout, the electric field was applied and the furnace was ramped
with heating rate of 10°C min™ up to 1400°C. The influence of fields
up to 150 V cm™ was investigated.

The onset of flash sintering is accompanied by a sudden in-
crease in conductivity. This increase in conductivity was interrupted
by switching the power supply from voltage control to current
control.[46] The constant current condition was maintained for 60 s,
after which the power supply was turned off and the furnace was
cooled down to room temperature at 25°C min~™.

Conventional sintering experiments (without electric field)
were carried out in a box furnace. These specimens were sintered at

five different temperatures (1600°C, 1650°C, 1675°C, 1700°C,
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1750°C ) using the same ramping rate as that of flash sintering exper-

iments followed by holding at the maximum temperature for 60 min.

b) Isothermal flash sintering

The same experimental setup was used (Fig. 19a) for iso-
thermal flash sintering of 50 vol% 3YSZ/Al,O3 composite. The similar
initial procedure was followed up to binder burnout. Thereafter, the
furnace was heated at a rate of 10°C min™* up to the required temper-
ature, and then held at this temperature for isothermal experiments.
Experiments were performed at four temperatures, 1000°C, 1200°C,
1275°C and 1300°C. The DC electric field was applied after holding
the specimen at temperature for 30 minutes. The onset of the flash
(after an incubation time) was accompanied by a non-linear increase
in conductivity, which was controlled by switching the power supply
from voltage to current control [46]. Thereafter, the constant current
condition was maintained for 60 s, before the power supply was

switched off.

3.4.2 Effect of alumina addition on flash

sintering of alumina-zirconia composite

The experimental setup for flash sintering (Fig. 18) was
done in vertical tubular furnace (fig. 19b). Similar experimental proce-
dures were followed as shown in section 3.4.1.1 for CHR experiments
and 3.4.1.2 for isothermal flash sintering experiments of composite.
The two holes of the dog bone sample were connected to the hock of
the platinum electrode and placed into the hot zone of the furnace.
The furnace was first ramped at 5°C min™ up to 600°C and main-
tained for 1 h in order to completely burnout the binder. After that the

furnace was programed accordingly.
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For constant heating rate experiments (CHR), a constant
field of 150 V cm™ was applied after the binder burnout while ramping
the furnace at 10°C min™ until specimen shows flash sintering. The
flash onset was controlled by switching the power supply from voltage
to current control. Once flash sintering was done, furnace was turned
off and allowed to cool.

In case of isothermal flash sintering experiments, after the
binder burnout step, furnace was ramped to up to 1100°C (10°C min
!y and E-field of 150 V cm™ was applied after 15 min of stabilisation.
The time at which field was applied was considered as zero time. Af-
ter a certain incubation period the flash sintering was observed. Once
flash sintering was done, furnace was turned off and allowed to cool.

3.4.3 Flash sintering of Hydroxyapatite

The set up and procedure for flash sintering similar to those
described in section 3.3 [9,58] was done in a horizontal tubular fur-
nace (3.3.1) by hanging the dog-bone sample vertically in the hot
zone (Fig. 4c). The sample was hung by two platinum electrodes
(0.5mm diameter) which served to hold the sample in hot zone and
also to the apply electric field. Dry, artificial air was fluxed through the
furnace during the measurements in order to maintain dry atmos-
phere to prevent electrical arching between electrodes at high voltag-
es. The furnace temperature was measured by s-type thermocouple
held in the hot zone, but far enough from the sample to not be influ-
enced by the joule heating that is known to occur using this method
[46]. The desired E-field was applied with Glassman EW05R120 high
voltage power supply. Once the current density rises nonlinearly the
power supply was switched off and sample was allowed to cool down
normally to room temperature. The current passing through the sam-
ple was monitored by a Keithley 2000 DMM.
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Experiments were carried out by ramping the furnace at
10°C min™ until 1400°C at a particular electric field. The electric field

applied was between 0 V to 2000 V cm™ in steps of 500V cm™.

3.4.4 Flash sintering of undoped and doped

alumina

The experimental procedure remains the same as describe for
constant heating rate experiment before. In case un-doped alumina
the electric field of 1500 V cm™ and 1750 V cm™ were used for flash
sintering, whereas for doped alumina flash sintering was analysed at
1000 V cm™,

3.5 Characterization

3.5.1 Shrinkage and Density

The shrinkage in the specimen was measured from photo-
graphs taken with a CCD camera at a rate of once every minute be-
fore, and at 1 s intervals after the onset of the flash. The shrinkage

was calculated in the form of linear strain. The linear strain or true

strain is defined as ¢ :In([) where (, is the initial length and ¢ is
0

the length after time t (or temperature T). To determine the sintering
kinetics, the true strain at several times or temperatures is measured,
giving a plot of true strain versus sintering time or temperature. The
length ¢ was calculated from the photographs acquired from CCD
camera at regular time intervals.

The density of the green samples was determined from

mass and dimensions (volume) of the sample. However the final den-
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sity of the sintered samples was calculated by Archimedes method
using water as fluid. During flash sintering only the rectangular bar of
the dog bone undergoes sintering, whereas the ears of the dog bone
remains un-sintered. The rectangular bar of the dog bone were cut
using diamond blade and used for analysis. The standard test meth-
od as described in ASTM C 830-00 was used to determine the bulk
density (B) of the test specimen as the ratio of its dry weight to exteri-
or volume.
D

B-= @)

where D is its dry weight and V is its exterior volume

All the weights were measured by scientific weighing bal-
ance (Gibertini Analytic Balance). In order to calculate the exterior
volume, the specimen was first vacuum socked in de ionised water
for 2 h. The sample was then suspended in water and its weight was
measured. The balance was equipped with a setup to measure sus-
pended weight. After obtaining the suspended weight of the sample,
the surface water was carefully removed with moistened smooth linen
and sample was weighted in order to get saturated weight. Now the
exterior volume was calculated by subtracting the suspended weight
from the saturated weight. After all the measurements the sample

was dried overnight at 110°C and compared to the initial dry weight.

3.5.2 Scanning electron microscopy

The starting powders and final microstructures were exam-
ined using a JEOL JSM-5500E Scanning electron microscopy (SEM).
The samples were first coated with a layer of gold—palladium by sput-
ter coating for 90 seconds. For powder and fractures sample images
were observed using accelerating voltage of 10 kV, while for grain
size measurement images were observed at 5 kV accelerating volt-
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age.
3.5.2.1 Grain size

The average grain size and the standard deviation was de-
termined directly from the SEM micrographs with lineal-intercept
analysis [59,60].

a) Sample preparation

The samples obtained after consolidation were cross sec-
tioned exactly at the middle of the dog bone and then mounted into
acrylic resin. The cross section was then polished at different abra-
sive tapes in order to obtain mirror fine polished cross section. The
detailed procedure for sample sawing, mounting on resin and polish-
ing is discussed in ref. [61]. The samples obtained after polishing
were used for thermal etching at 1350°C. The temperature for ther-
mal etching was selected by first etching conventionally sintered
sample (1600°C for 1 h) at different annealing temperature for 30
min. The specimens prepared at 0 V to 40 V cm™, which did not sin-
ter significantly, were thermally etched at a lower temperature
(1200°C) to prevent grain growth.

b) Grain size measurement

The common procedure in calculating grain size by lineal in-
tercept was used. The method involved measurements on micro-
structural images of thermally etched polished sample with clear visi-
bility of its grain boundaries. The test line was drawn on the micro-
graph with known distance and number of grains (intercept) or grain
boundaries (intersections) intersecting the line was counted. The av-

erage grain size for single phase sample is given as:
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D =1.56% (5)

Where D is the average grain size, C the total length of test line
used, M is the magnification of the micrograph and N the number of
intercept on the test line. The constant 1.56 is derived by Mendelson
[59] for random slices of tetrakaidecahedrally shaped grains.

The above formula was then modified by Wurst and Nelson
[60] for two phase system. In order to calculate the actual grain size
on randomly distributed second phase, correction is to be needed in
both the test line intersection on interphases and the number of
grains on the intercept. The modified length of the test line and the
effective number of intersecting boundaries are calculated according
to the new formulas for two phase system:

Cer =C(1-v) (6)
Neff =N +%Nab (7)

Where C is the modified length of the test line, C is length of the
drawn line, v is the volume fraction of the second phase, N is the
effective number of intersecting boundaries, N,, is the number of in-

tercepts with the boundaries with continuous grain of primary phases,

and N, is the intercepts with the boundaries between primary phase

and secondary phases.

Now the modified lineal intercept for grain size analysis of
two phase system is given as

G= 1.56C$ff (8)
MN_;

The grain size analysis was carried on 5-6 micrograph of the
same sample at different places of the cross section. Each micro-
graph was analysed by counting at least 10 minimum test lines.
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The grain size was also analysed using MATLB (GUlIline-
cut). The program allows us to analyse the size of grains in a micro-
graph with the line cut method arrangement. After loading the micro-
graph the program draws the lines on the surface. The number of
grain boundaries intersecting the line were counted by clicking the
cursor on the intercept.

3.5.3 XRD analysis

The phase analysis was carried on powder as well as sin-
tered pellets by using X-ray diffractometer (Rigaku DMax - Bragg-
Brentano configuration). Powder sample was ground to a fine pow-
der and placed on the sample holder. For flash sintered samples the
ends of the sintered dog bone were cut using a diamond saw and the
sintered rectangular part was used for analysis. The specimens were
exposed to CuK-a radiation source with step size of 0.02° with the

hold time of 6 s at each step.

3.5.4 FTIR spectroscopy

Infrared (IR) spectra were measured using a Fourier transform
Infrared spectrometer (Nicolet Avatar 330, Thermo Electro Corpora-
tion, Waltham, MA). The sample were mixed solid KBr, then ground
and pressed to pellet. An average of 64 scans with 4 cm™ resolution

was recorded for each sample.
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Chapter 4
Results and Discussion

Part of this chapter has been published in:

Naik, K.S., Sglavo, V.M., and Raj, R., “Field assisted sintering of ce-
ramic constituted by alumina and yttria stabilized zirconia”. Journal of
the European Ceramic Society, 2014; 34; 2435-2442.

Naik, K.S., Sglavo, V.M., and Raj, R., “Flash sintering as a nucleation

phenomenon and a model thereof”. Journal of European Ceramic
Society, 2014. DOI: 10.1016/j.jeurceramsoc.2014.04.043
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4.1 Flash sintering of 50 vol% 3YSZ/Al,O3
composite (CHR)

4.1.1 Results

a) Conventional Sintering

0.00

-0.05 1

-0.10

Conventional sintering

Shrinkage (true) strain

015 Heatingrate =10°C min”’

1000 1100 1200 1300 1400
Temperature (°C)

Fig. 20. Conventional sintering of 3YSZ, alumina and 3YSZ-alumina

composite.

Data for conventional sintering (0 V) are plotted in Fig. 20. In
these experiments the samples were heated up to 1400°C at a con-
stant heating rate of 10°C min™?, without any isothermal hold time up-
on reaching this temperature. The linear shrinkage strains are plotted
as a function of temperature. Alumina begins to sinter at ~1100°C,

while in 3YSZ sintering starts at ~1150°C although they follow a dif-
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ferent sintering behavior as the temperature rises. The 3YSZ-alumina
composite begins to sinter at a higher temperature, about 1200°C.
The sintering rate of the composite is much lower than either of the
single-phase materials.

b) Field Assisted Sintering

Electric field assisted sintering results for the pure phases
are shown in Fig. 21a, on the left. Pure alumina shows no effect at
fields of up to 150 V cm™. In contrast the flash behavior of 3YSZ is
exemplified by the vertical slopes of the shrinkage profiles. Flash sin-
tering is seen at ~970°C at a field of 50 Vem™. A higher field lowers
the flash temperatures. At 150 V cm™, 3YSZ flash sinters at a fur-
nace temperature of ~750°C.

The influence of electric fields on sintering of the composites
is shown in Fig. 21b. Initially they show FAST behavior, where the
density increases gradually with temperature, which is followed by
flash sintering. This dual behavior is being called “hybrid sintering”. It
is seen in the range of 50-100 V cm™. At 150 V cm™ sintering occurs
predominantly in the flash mode.

In conventional sintering (0 V) the composite specimen
shows a shrinkage of only 6% at 1400°C. The sintering is somewhat
enhanced at applied fields of 30 V cm™ and 40 V cm™, vyielding
shrinkage strains of 6.7% and 8.2%, respectively. When the applied
field is increased to 50 V cm™ the shrinkage rate increases further
and sintering is completed at about ~1380°C, with a final shrinkage of
18.8%. Further increase of the electric field to 75 V cm™ and 100 V
cm™ produces a rapid increase in the shrinkage rate. At 150 V cm™,
the composite sinters abruptly to near full density at ~1060°C. The
final density of all the flash sintered samples was higher than 95 %,
while in case of 0V - 40 V cm™ the final density was less than 80%.
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Fig. 21 Shrinkage plot of a) single phases of 3YSZ and alumina (top)

b) 3YSZ/alumina composite (bottom) as a function of furnace tem-

perature.
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c) Joule Heating

In ceramic oxides, the increase in conductivity generally fol-
lows Arrhenius behavior. The onset of flash, however, is accompa-
nied by an abrupt increase in the conductivity, as shown in Fig. 22.
The power supply is then switched to current control to limit the Joule
heating of the specimen. In present experiments current density was
set 85 mA mm™. The power dissipation in the specimen, P, is calcu-
lated from P = E j where E is applied electric field (Vv cm™) and j is
the current density (mA mm).

At low fields of 30 V cm™ and 40 V cm™ the composite does
not show significant field assisted sintering (Fig. 22b). At 50 V cm™,
the power increases Arrheniusly up to ~1340°C and then abruptly,
which is characteristic of a flash event. Similar behavior is seen at 75
V cm™, but the onset of the non-linearity is shifted to a lower temper-
ature. At 100 V cm™ and 150 V cm™ the non-linearity occurs at
~1185°C and 1040°C. However, the current may increase only up to
the current limit set at the power supply. Under current control the
power dissipation declines and approaches a steady state.

Typical behavior of the power dissipation and the true strain
as a function of time for the case of 100 V cm™ is shown in Fig. 23a,
for single-phase 3YSZ, and in Fig. 23b for the composite. Power dis-
sipation, calculated from experimental values of the voltage and the
current are shown. The peak value measured at the transition from
voltage to current control is equal to 400 mW mm™>. Once the power
supply is switched to constant current, the power dissipation declines
to ~160 mW mm™ for 3YSZ and ~243 mW mm for the composite.
The onset of shrinkage is synchronous with the sudden increase in

the power dissipation.
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Fig. 22. Arrhenius plot for the power dissipated in a) single phases
(alumina and 3YSZ) and b) 3YSZ-alumina composite as a function of

furnace temperature under different applied voltages.
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The shape of the power dissipation curve may be divided in-
to three stages, the pre-flash stage, called Stage |, the transient stage
which includes the peak in the power dissipation and the onset of the
flash, Stage Il, and the quasi-steady state regime under current con-
trol, which is Stage lll. In Stage Il the samples remain in a state of
flash. They are then close to full density, yet, as shown later, grain

growth occurs at a much faster rate than in conventional sintering.

Table 4. Power values for flash sintering of 50 vol% 3YSZ-alumina

composite at different applied E-field.

Electric Max pow- Steady Furnace Flash Hold
field er state Temp. Temp. time
(vem™)  (mwmm?) power for on- (°C)  during
Stage | Stage Il (mem'S) set of steady

Stage Ill flash state

°C) (s)
50 200 156 1337 1360 60
75 300 212 1256 1280 60
100 400 243 1170 1205 60
150 600 192 1040 1060 60

The maximum power dissipation in Stage Il and the power
dissipation in Stage Il are summarized in Table 4. The table includes
data for the applied electric field and furnace temperature at the onset
of the flash. The maximum power increases as the field increases, as
it must since it is equal to the product of the applied field and the cur-

rent limit, which was held constant for these experiments. The data in
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Stage Il shows scatter without a consistent trend. A correlation of
these data with Fig. 21 suggests that the samples continue to sinter
in Stage Il if the steady state power is below 200 mW mm?, but there
is little further shrinkage when the power dissipation is more than 200
mW mm?. This is partly because at higher current densities the sam-
ple sinters more completely during the transient (Stage II).

Joule heating is an important effect that accompanies the
flash event. The specimen temperature rises with the dissipation. The
detailed analysis of Joule heating has been reported in ref.[46], where
an approximate increase in specimen temperature is calculated from
a black body radiation model given by

1

n
T [t v
T: eoTy \A

where T is the actual temperature of the specimen, and T. is the

furnace temperature in Kelvin. The steady state power dissipation per
unit volume of the specimen is given by W, , in units of mWmm™. The
volume to surface area of the specimen is (V /A) written in units of
mm (for our samples it value is equal to 0.5 mm). ¢ is black body ra-
diation constant, being equal to 5.67 x 108 wm?K* The emissivity
of the materials is given by €. We assume it to lie in the range 0.73 —
0.92 drawing upon the literature on thermal barrier coatings made
from YSZ [62]. The range of specimen temperatures estimated in this
way is reported in Table 6.
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d) Microstructure

The flash sintered specimens were polished and thermally
etched at 1350°C for 30 min and observed under SEM. The micro-
structures of 3YSZ-alumina composites sintered under different ap-
plied fields are shown in Fig. 24. The dark phase corresponds to alu-
mina and the brighter phase is zirconia. Conventionally sintered spec-
imen and the specimen sintered at low fields (0 V to 40 V cm"l) at
temperatures up to 1400°C show similar microstructure with few
pores and an average grain size of ~100 nm; note that these samples
were only 80% dense. At fields greater than 50 V cm™ the samples
show a nearly fully dense microstructure. The microstructure is an
intimate mixture of two distinct interpenetrating phases that are uni-
formly dispersed.

The grain size values are summarized in Table 5 and 6. The
values for conventional sintering were measured after an isothermal
hold of 60 min at the temperatures shown in the table. Those for flash
sintering were obtained from samples held in Stage Il for 60 s. In
conventional sintering the grain size continues to increase with tem-
perature. But in flash sintering the grain size becomes smaller as the
field rises. Note that the grain size of conventionally sintered sample,
at 1750°C, is close to the value obtained at a much low temperature
under a field of 50 V cm™.
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Fig. 24. Microstructure of 3YSZ-alumina composite at different ap-

plied voltages a) 0V b) 30 Vem™c) 40 Vem™ d) 50 Vem™, e) 75 V

cm™, f) 100 Vecm™and g) 150 V cm™. p = final density of sintered

samples.
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Table 5. Grain size data for individual phases of composite for con-

ventional sintering.

Conventional sintering

Grain size (nm)

Furnace temperature

Al,O3 ZrO; °C)
Gn G2
829 + 40 757 £ 67 1600
1039 + 96 906 + 73 1650
1087 + 43 964 + 125 1675
1415 + 122 1248 + 89 1700
1652 + 91 1610 + 232 1750

Table 6. Grain size data for individual phases of composite with spec-

imen temperature measured by black body model for flash sintering.

Flash sintering

E-Field Grain size (nm) Specimen temperature (°C)
(vem™) [ AlOs Al20; e=092 | e=073
G21 Ga1 ' )
50 1455 + 238 1302 £ 298 1449 1470
75 1209 £ 231 939 + 163 1414 1444
100 950 + 77 813+ 72 1375 1412
150 772 + 135 652 + 122 1238 1276
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e) Analysis of Grain Growth

The influence of electric fields on grain growth falls into two
regimes. At weak fields, that are below the threshold for flash, it has
been conclusively shown that grain growth is retarded [63]. Indeed
the increased rate of sintering in the FAST regime has been ex-
plained in terms of the reduced rate of grain growth [64].

However, in the flash regime, where the electric fields are
large, grain growth is significantly enhanced, as shown here. We
have studied this regime by examining grain growth in Stage Ill where
the specimens remain in the flash state and at an isothermal temper-
ature since the power dissipation in the specimen remains reasonably
constant as shown in Fig. 25.
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Fig. 25 Power plot of flash sintering at different post flash sintering

time under 100 V cm-1 at current density of 84 mAmm-3
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Both sets of data are analyzed in the conventional way by
the following, well established procedure [65,66] where grain growth

is described by
nj AHij
G, = At exp(f—RT ) (10)

where G is the grain size, t is the time at constant temperature,
AH is the activation energy, and A is the pre-exponential material
parameter. The subscripts ij are used to distinguish between differ-
ent cases. Thus, i =12 refers to conventional (i =1) and flash
(i =2) respectively. And, j =12 refers to alumina grain size (j =1)
and the zirconia grain size (j =2). For example n,, refers to the

grain size exponent for alumina grains measured under flash condi-
tions. In writing Eq. (10) it has been assumed that the grain size at
zero time is much smaller than at the times where the equation is as-
sumed to apply [Turnbull, Eq. 91][65].

The procedure is to first determine the grain size exponent,

n, for each of the four cases at an isothermal temperature, and then
determine AH; from Arrhenius plots for the equation in the following

form

(n G, =(n i L 11
[tn A — T (11)
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Fig. 26. Log-log plot for time exponent for grain growth for conven-
tional sintering at 1625°C (C11= Alumina and C12 = Zirconia) and
flash sintering at 100 vem™ (F21= Alumina and F22 = Zirconia). Ts =
furnace temperature and T, = specimen temperature estimated by
the black body radiation model with the emissivity values of 0.73-

0.92. p = final density of sintered samples at different time intervals.

The grain size exponent was measured by isothermal exper-
iments. In all instances the specimens had a density >95% prior to
the measurements of grain growth. For conventional sintering the
sampled were annealed at 1625 °C for up to 6 h. Grain growth under
an electrical field was measured by holding the specimens in Stage Il
for different durations. In Stage Ill the specimens remain at constant
temperature. It is to be noted that the flash can be triggered not only
in porous samples but also in fully sintered samples. Stage Il was
induced in these samples by initiating the flash at 100 vem™, and

then switching to a current limit set to 84 mAmm'3, while the furnace
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was held at a constant temperature of 1300°C. The samples were
held in Stage Il for periods up to 378 s. The specimen temperature in
this state was calculated from the black body radiation model with
emissivity values ranging from 0.73-0.92 [62], and was estimated to
have been in the 1424°C-1452'C range. The results are plotted in

Fig. 26. The four different values for n, obtained in this way are re-

ported in Table 7.
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Fig. 27. The Arrhenius plot for grain growth of conventionally (C) and
flash sintered (F) specimen for alumina (C11 and F21) and zirconia
(C12 and F22) respectively.

An Arrhenius plot of the data according to Eq. (11) is plotted
in Fig. 27. The temperature was varied for flash sintering by varying
the applied field while current limit and hold time during current con-
trol was kept constant. The error bars for temperature correspond to
the range of emissivity values assumed for the black body radiation
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model. The data for flash and conventional sintering appear to have
similar activation energy, but different intercepts on the y-axis, reflect-
ing a significant acceleration of grain growth under flash sintering.
These values are summarized in Table 6. The activation energies for
grain growth for conventional and flash sintering lie in the range 142-
159 kJ mol™ for both alumina as well as zirconia grains. The point for
150 V cm™ appears to deviate from the linear Arrhenius fit because
of large dispersion of grain size at the center of the cross section.
Perhaps this could be related to a high current setting leads to locali-

zation of high current at the center of the specimen.

Table 7. Time exponents, pre-exponential factor and activation ener-
gy for grain growth under conventional (Cij) and flash (Fij) sintering

condition.
Grain growth Conventional Flash sintering
parameters sintering
Al>O03 ZrO; Al>O3 ZrO;
ij=11 ij=12 ij=21 ij =22
njj 0.18 0.24 0.13 0.12
Ajj (nm.s™™) 0.20x10"  0.27x10"  4.63x10"  2.54x10’
AH;j (KJ.mol™) 145 159 157 150
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4.1.2 Discussion

a) Comparison of Single Phase and Two-Phase Specimens

We have explored flash sintering of a two-phase ceramic,
where one phase, 3YSZ, flash sinters at fields below 150 vem™, and
the other, undoped Al,O3;, does not exhibit flash sintering even at
fields as high as 1000 V cm‘l.[9] A 50/50 vol% mixture of the two ex-
hibits flash sintering at conditions similar to those used for 3YSZ. The
sintered ceramics are nearly fully dense with a two-phase microstruc-
ture. Both zirconia and alumina phases exhibit grain growth at a rate
that is significantly higher than in conventional sintering.

The interesting question arising from these experiments is
that the sintering and grain growth kinetics of alumina in the compo-
site are enhanced at fields where single phase alumina remains es-
sentially immune to the effects of electric fields. In single phase alu-
mina the matrix and the grain boundaries are constituted from alumi-
na. The difference in the composite is that it also contains bi-phasic
zirconia-alumina interfaces. Is it then to be inferred that the enhance
kinetics related to alumina are related to faster diffusion of alumina
along these two-phase interfaces? This remains an interesting ques-
tion for the future.

Field assisted sintering occurs by at least two different
mechanisms: at low fields enhanced sintering happens without the
non-linearity in the conductivity, which we have called FAST sintering,
and at high fields where sintering occurs suddenly and is accompa-
nied by the non-linear conductivity, called flash. FAST sintering has
been successfully explained by the reduced rate of grain growth un-
der weak electrical fields. Flash sintering is complex involving Joule
heating, and generation and transport of defects that carry both
charge and mass. Therefore, there is a transition from FAST to flash
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as the electric field is increased. Sometimes this transition occurs
gradually, as in single phase titania and barium titanate, and some-
times abruptly as in 3YSZ. In single phase alumina, which exhibits
flash sintering only when doped with MgO and at much higher fields
and temperatures than 3YSZ, the transition is gradual. In the zirco-
nia/alumina composites, the transition occurs somewhat gradually. It
would seem that, in this respect, the transition is a blend of 3YSZ and

alumina behaviors.
b) Joule Heating

The phenomenon of flash sintering is often, ostensibly, at-
tributed to Joule heating. The argument that the specimen generally
heats up to the extent that sintering may occur in mere seconds is
likely not tenable given the extensive measurements of specimen
temperature, and the good agreement found between these meas-
urements and predictions from the black-body radiation model. The
other argument is that there is local heating at the particle-particle
interfaces during sintering. This argument is difficult to justify since
the very high temperature differentials at the grain boundary that
would be required to explain the observations may not be justified on
grounds of thermal diffusion into the adjacent grain matrices, even if it
is admitted that photon-trapping at the interfaces may lead to some
degree of local heating at the grain boundaries. It is also well to keep
in mind that the flash phenomenon is seen not only in sintering, but
also in pre-sintered fully dense specimens. The sintering experiment
simply highlights the point that the non-linear increase in conductivity
is accompanied by a similar abrupt increase in stoichiometric self-
diffusion. A word of caution: the detailed work on Joule heating has
been carried out on 3YSZ. It is quite possible that the extent of Joule

heating would vary from one material to another, but it seems unlikely
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that it on its own can explain this new and interesting phenomenon.
What is often forgotten in this discussion is that the non-linear in-

crease in conductivity is also, by itself, a novel effect.
c¢) Grain Growth

Systematic study of grain growth requires that specimens be
held at a constant temperature and the grain size measured as a
function of time. Under flash conditions these measurements are
possible in Stage Ill, which follows the initial onset of flash. In this
stage the temperature and power dissipation in the specimen remain
constant. Since the great part of densification occurs during the flash,
the specimens in Stage Ill remain at constant density, which is close
to the theoretical. By holding the specimens in Stage Il grain growth
can be measured as a function of time at a constant temperature.

It is in this way that we have compared grain growth kinetics
under conventional and flash conditions. The grain growth of each
phase is measured. The grain size exponent for isothermal growth,
as well as the activation energy, for four cases: alumina and zirconia
grains, each in conventional and flash conditions are reported. The
interesting result is that the activation energy for all four cases re-
mains essentially the same, about 150 kJ mol™. Activation energies
for diffusion are usually attributed to the energy barrier for defect mo-
bility since the defect concentrations are usually extrinsically deter-
mined. Since the activation energy is not affected, it is reasonable to
infer that the mobility of defects does not change under electric fields.
We determine that the absolute rates of grain growth are much great-
er with than without electric fields. A possible implication is that the
defect concentration is greatly enhanced by electrical fields under

flash conditions.
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4.1.3 Summary

Undoped alumina, which resists flash sintering at fields up to
1000 V cm™ [3], exhibits this behavior at low fields when combined
with yttria stabilized zirconia in a 50/50 vol% two-phase mixture. The
sintering behavior of the composite lies close to the flash behavior of
single-phase YSZ.

Field assisted sintering occurs by at least two different
mechanisms. At low fields it is enhanced without the non-linear in-
crease in conductivity. This behavior, called FAST, is satisfactorily
explained by the reduced rate of grain growth under weak electrical
fields. At higher fields sintering occurs quickly as if in a flash and is
accompanied by non-linear conductivity. The transition from one to
the other can be abrupt or gradual. In the composites the transition
occurs gradually as the field strength is increased. Indeed in the in-
termediate regime, sintering occurs at first in the FAST mode and
then transitions to a flash.

Flash sintering behavior falls into three stages, pre-flash,
Stage |, the transition, Stage Il, and post flash, Stage IIl. The majority
of accelerated sintering takes place in Stage Il. The sample remains
in a high conductive but stable state of Joule heating in Stage Ill. In
this stage, when the samples are close to full density, grain growth
can be measured under isothermal conditions, and compared with
grain growth under conventional conditions. We report that grain
growth is greatly enhanced in Stage lll, although the activation ener-
gy for grain growth remains nearly equal to that in conventional be-
havior. The higher rate of grain growth is attributed to enhanced de-
fect concentration. The results suggest interesting effects of electric

field on defect kinetics at bi-phasic grain boundaries.
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4.2 Isothermal flash sintering

Among the various mechanisms proposed in the literature, Joule
heating remains of the greatest interest [13,14], although the temper-
atures required for nearly instantaneous sintering are far above what
can be reasonably well predicted from Joule heating. While the in-
crease in specimen temperature certainly plays a role in the sintering
phenomenon, it, by itself is not sufficient to explain this unusual phe-
nomenon.

The other suggestion has been to say that a defect ava-
lanche in the form of Frenkel pairs is precipitated which ionize into
charge neutral defects and electron-hole pairs. The defects enhance
diffusion while the e-h pairs induce high conductivity and photoemis-
sion [15]. While, this suggestion does explain why diffusion, conduc-
tivity and photoemission are simultaneously enhanced, a quantitative
understanding of how it can happen remains obscure. Some support
for the defect induced mechanism is found in residual effects of the
flash on defect concentrations in MgO-doped alumina [4] and in yttria
stabilized zirconia [16].

The flash phenomenon is present in porous as well as fully
sintered specimens. In pre-sintered samples the flash is manifested
by a non-linear increase in electrical conductivity and quite intense
photoemission. In porous samples the onset of high rates of sintering
highlights that conductivity and photoemission is also accompanied
by a huge increase in self diffusivity.

If indeed flash sintering is instigated by the “nucleation” of
defects, then it should be accompanied by an incubation time in ex-
periments carried out at isothermal furnace temperatures. Here we
report these results, and show that they are related very non-linearly

to the applied field. Tentatively, a model for the nucleation of dipole
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clusters, of abnormally large permittivity, is developed and analyzed

to explain these results.

4.2.1 Results

A typical specimen response to the applied electric field is
given in Fig. 28. In this experiment the furnace temperature was set
to 1275°C, the sample was held at this temperature for 30 min, at
which point an electric field of 75 V cm™ was applied. The time shown
in Fig. 28 is from the moment of the application of the field. After in-
cubation time of 234 s specimen shows the abrupt rise in shrinkage
and conductivity. The power supply is then switched to current control
with the limit set to 85 mA mm™. The flash condition was maintained
for 60 s in current control at which point the field was switched off.
The power density, equal to the product of the field and the current
density, quickly rises to a peak, and then declines as the conductivity
of the specimen continues to increase, eventually settling to a steady

state, at a field of 50 Vem™.
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Fig.28. Isothermal flash sintering verses time curves for a) DC electric
field, b) current density, c) power and d) linear shrinkage strain at
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The purpose of these experiments was to measure the
change in the incubation time for the onset of the flash as a function
of the electric field and the furnace temperature. These results are
reported in Fig. 29. At a given temperature the incubation time
lengthens non-linearly, even on a logarithmic time scale, as the ap-
plied field is decreased, suggesting that the electric field serves as
the driving force for the nucleation event. As the temperature is low-
ered, a higher field is required to instill the flash. The rationale for this
behavior is that the incubation time, being associated with the growth
of an embryo of a critical size, depends on the size of the critical em-

bryo and the time required for it to grow to the critical size which de-
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pends on diffusivity. If the diffusivity is reduced (by lowering the tem-
perature) then the critical size of the nucleus must be smaller. Since
the critical embryo size is inversely proportional to the driving force, a
smaller nucleus size requires a greater driving force, that is, a higher
electric field.

The microstructures obtained in these experiments were the
same as obtained in constant heating rate experiments as described
in section 4.1 [17]. The size of alumina and zirconia grains was
measured for experiments carried out at furnace temperature of
1275°C under different levels of applied field. A typical microstructure
taken different applied field is shown in Fig. 30. The grain sizes for
alumina and zirconia grains at 50 Vem™, were 693 + 69 nm, and 684
+ 59 nm. At 73 Vem™ they were 671 + 62 nm and 612 + 10 nm re-
spectively. At 100 vem™, 758 + 118 and 645 + 40 nm, and at 150
vem™, 727 + 151 and 675 + 68 nm respectively for alumina and zir-
conia grains. The specimen temperatures estimated from black body
radiation model, using emissivity values in the range 0.73 to 0.92,
were 1389-1415°C, 1394-1421°C, 1421-1453°C and 1424-1458°C, at
fields of 50, 75, 100 and 150 Vcm-1. The detailed estimation of spec-
imen temperature is discussed in the previous section (4.1). The den-
sities of these specimens, given at increasing electrical fields were
94.4%, 97.1%, 98.8% and 98%, respectively
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Fig. 30: Micrograph of the grain size obtained from isothermal flash
sintering at 1275°C. p represent the relative density obtained by Ar-
chimedes method.

4.2.2 A model for nucleation

In isothermal furnace temperature experiments, the flash phe-
nomenon occurs in three stages. The first is the onset of the non-
linear conductivity at the applied field. This is the nucleation event,
which occurs at the furnace temperature, and embodies an incuba-
tion time. The non-linear rise in conductivity is controlled by switching
the power supply to current control; this is the second stage. The third
stage is the quasi-steady state that is established under current con-
trol. Joule heating begins in Stage Il and continues in Stage Ill. Thus
flash sintering has two unusual features: (i) the nucleation of the non-
linear event, and (ii) and the rapid rate of sintering in the highly con-
ducting state of Stages Il and Ill. Much of the community’s (and our)
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focus has been on the high sintering rates in these later stages,
where Joule heating does indeed occur and whose overall role in the
process remains controversial. However, the peculiar nucleation of
the non-linear transition from insulating to conducting state, which
occurs at the furnace temperature, has so far been often overlooked.
This paper is concerned with this nucleation event, which precedes
Joule heating. It occurs at furnace temperature.

Thermal ionization of interstitials and vacancies above a critical
electric field, as analyzed in the Poole-Frenkel model [67,68], could
also explain the flash phenomenon. However, substitution of numbers
shows that the fields required for Poole-Frenkel ionization would have
to be several orders of magnitude greater than employed in the flash
experiments. In any event the Poole-Frenkel approach does not in-
voke a nucleation like behavior, where embryos grow with time to a
critical state, as the underlying process.

The incubation time for nucleation that varies highly non-
linearly with driving force is well known in phase transformations in
the solid state. The phenomenon has been discussed under the title
of transient nucleation in the early work of Turnbull [69,70]. The em-
bryo grows slowly gathering the atoms of a minority species in the
solid-solution, competes with the dissolution of the embryo, until it
reaches a supercritical size.

The following analysis is based upon these early concepts.
We hypothesize that an embryo of high dielectric constant is formed
under the influence of the electric field. The high dielectric constant is
assumed, rather elementarily, to arise from the aggregation of aligned
dipoles made of the vacancy-interstitial Frenkel pairs. It is relevant
that very high relative dielectric constants, referred to as colossal
permittivity have been discussed in barium titanate when the grain
size is of nanoscale dimensions [71]. Values as high as 10° have

been reported [72]. In at least one instance permittivity of 3*10° in
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large grained (several hundred nm) barium titanate prepared by mi-
crowave sintering has been reported [73]. In the nucleation phenom-
enon we are concerned with embryos just a few nm in diameter,
much smaller than the grain size where these collossal permitivities
have been measured. Phenomenologically it appears that a smaller
dimension leads to a higher permittivity. Therefore, the assumption
that the embryos have permittivity at least in the 10°-10° range is jus-
tifiable. We expect that this point will remain of interest in future stud-
ies of this nucleation phenomenon.

The driving force for nucleation arises from the polarization
energy of this aggregate of a high dielectric constant. This energy,

per unit volume, AG, , is given by

AG, = %gosEEf (12)

Where ¢, is the permittivity of vacuum, . is the dielectric constant
of the embryo, and E; is the applied electric field.

The growth of the embryo is opposed by the energy of the
interface it forms with the parent lattice, which we call y. . The total
free energy of the embryo, relative to the zero field state, is then giv-
en by

AG = —gﬂ'r *AG, + 4nr %y, (13)

Equation (10) reaches a maximum, the critical state, when

OAG
(ar“)l:,* 4

Substituting Eqg. (13) into (14), and then putting back the value for

I * so obtained into Eq. (13) to obtain the following relationships

73



e e , (15)

AG,
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where AG* is the free energy barrier expressed at the critical state

of the embryo. Substituting Eq. (12) into (15), gives

./ (17)
&,6eE;

The incubation time, which is the time required to grow the
embryo slowly uphill towards a critical size, increases highly non-
linearly with the number of atom-species in the critical nucleus [70]. It
depends on the mobility of the species in the region surrounding the
embryo. Typically a critical size of a few tens of nanometers is realiz-
able within the laboratory time scale at elevated temperatures, where
solid state diffusion phenomena, such as ionic condutivity, occur at
measureable rates. Thus the size of the critical nucleus becomes a
measure of the incubation time for reaching the supercritical state.

We consider the size of r* estimated from Eq. (17). Alt-
hough the local field within the material may be enhanced by inho-

mogenieties, to a first approximation we may set E; equal to the ap-

plied field, keeping in mind that this would be the lower bound for the

driving force for nucleation. The interfacial energy y. is likely to be

very low since the embryo will be coherent with the parent matrix, its
magnitude arising from the energy of the dipoles at the surface rela-
tive to those within the embryo. There is an equivalence with the en-
ergy of the domain walls in ferroelectric crystals formed between re-

gions of opposite (or orthogonal) polarizations. These walls can be
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several atom layers wide. Their energy is calculated to be 1-10 m Jm~
2 [74]. In the present cast the energy is likely to be considerably lower

since the dipoles only within the embryo, and the interface can be ex-
pected to be sharp. We shall assume that y. =1mJm™, recognizing

well that future discussions of the nucleation mechanism are likely to
center on the atomic and electronic structure and its relationship to
energy and kinetics of the embryo-matrix interface [75].

It remains to consider a value for the dielectric constant.
With a high density of charges dipoles it is expected to be very high,

and we assume it to lie in the range . =10°—10°, as discussed

above [71,72]. The physical constant g, =8.85*10™” Fm™. The es-

timates of r * calculated in this manner are given in Table 8. The val-
ues for the embryo size for the assumed values of the interfacial en-
ergy and dielectric constant are within the bounds of experimental
results.

A major uncertainty in the analysis is the assumption of the
local field at the embryo being equal to the applied field. In fact inho-
mogenieties in the microstructure, such as grain boundaries and dis-
locations can intensify the local field. Since the embryo size varies
inversely as the square of the field, a high value, locally, can substan-

tially reduce the barrier to nucleation.

Table 8. Estimates of the critical embryo radius from Eq. (17).
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E; ,vem™ | & gg. mIm™ r*, nm
1000 10° 1 45

3000 10° 1 5

1000 10° 10 450
3000 10° 10 50

Another way of analyzing the nucleation phenomenon is to

calculate the probability of nucleation, p; , then given by

AG*
=exp| ——— 18
Pe p[ kBTJ (18)

Substituting from Eq. (16) leads to the plots shown in Fig. 31
(for T=1000 K, and & =10°). The plots show the highly nonlinear

increase in p. with E,, for three values of .. The threshold value

for the nucleating field can be estimated from the asymptotes to the

curves. The steepness of the curves, especially in view of the loga-

rithmic scale for p. is characteristic of a nucleation phenomenon.
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Figure 31: Plots for the probablity of nucleation as a function of the

interfacial energy. T =1000 K, and ¢, = 10%

4.2.4. Summary

The phenomenon of flash sintering has the characteristics of
nucleation and growth. It occurs abruptly, above a threshold field as
the temperature of the specimen is raised at constant rate. The incu-
bation time which varies with the applied field at a constant furnace
temperature, confirms that the electrical field is the driving force for
the nucleation mechanism. Nucleation phenomena are defined by a
volumetric driving force which favors the event, and the interfacial
energy which opposes it. The surface to volume ratio of the embryo

determines the probability of nucleation and the incubation time to

7



reach a nucleus of a critical size. The analysis presented above as-
sumes that the polarization energy of the embryo is the driving force
for nucleation.

If the hypothesis is correct, then the issue of the interface
between the embryo and the matrix gains great scientific significance.
Since the interface is not only important in its energy, but also in how
it produces an avalance of defects, once a supercritical state is
reached. These questions of interfacial polarization and generation of
electrons and holes is being studied in ab-initio calculations of hetero-
interfaces [75]. There however, the creation of the “electron gas” is
postulated to remain localized near the interface. The new question in
the context of flash sintering is that the electron gas spreads through
the specimen inducing the entire specimen to become electronically
conducting. In addition to the energy and the atomic structure of the
interface, the dielectric constant of the embryo, which determines the
polarization energy, is a critical parameter in the nucleation model.
We postulate the embryo to consist of aligned dipoles, much like in
ferroelectric ceramics. Values of permittivity in the 10°-10° range yield
plausible values for the critical size of the embryos. Both these pa-
rameters, interface structure and polarization of the embryos, will re-
main of fundamental interest in further studies of why there is the ab-
rupt transition from the insulating to the conducting state. Why this
transition is followed by ultrahigh rates of self-diffusion is a further
mystery in flash sintering.

It is worthwhile to keep in mind that nucleation occurs at the
furnace temperature. Joule heating is a consequence of the nuclea-

tion of the flash event. It cannot be its cause.
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4.3 Effect of alumina addition on flash

sintering of 3YSZ/Al,O; composite

4.3.1 Results and discussion

Influence of alumina addition on flash sintering of composite,
from both constant heating rate as well as isothermal flash sintering
are shown in Fig.32 and Fig.33. In CHR experiments (Fig.32), the
power versus temperature is plotted with respect to alumina addition.
The flash sintering is observed with sudden rise in power of the spec-
imen at a threshold temperature. For a 10 vol% of alumina, the flash
was noticed at 900°C. Note that the temperature mentioned is of fur-
nace temperature and not the specimen temperature (which was
much higher than furnace temperature during stage Ill). As we in-
crease alumina addition to 20, 30, 40 and 50 vol% the flash sintering
temperature increases to 925°C, 1013°C, 1090°C and 1216°C. These
suggest addition of alumina increases the resistivity by increases the
insulating boundaries of alumina [76].

On the other hand, in case of isothermal flash sintering. The
power versus incubation time is plotted with respect to alumina vol-
ume percent (Fig.33). Similar effect was observed with alumina addi-
tion as seen for CHR experiment, but here it occurs with incubation
time. These suggest that modification of the grain boundaries will

have higher influence on the flash sintering.
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Fig.32. CHR flash sintering for varying concentration of alumina (10,
20, 30, 40 and 50 vol%) in 3YSZ/alumina composite at 150 V cm™
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Fig.33. Isothermal flash sintering at 1100°C for varying concentration
of alumina (10, 20, 30, 40 and 50 vol%) in 3YSZ/alumina composite

at150 vV cm™.

The density along with the flash sintering furnace tempera-
ture was shown in table 9. The Archimedes density obtained for all
the flash sintering samples were more than 95 %. From the XRD
analysis (Fig. 34), the peak related to each phases were present. Al-
so the peak were stable without peak shift, suggest the limited solu-

bility of two phases in the composite matrix.
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Fig. 34. XRD pattern of the 3YSZ/Al,O3; composite.

Table 9. The onset of flash temperature and incubation time along

with Archimedes density for alumina addition on composite.

) Flash Incubation Relative Relative
Alumina ) ) ]
| temperatu time for density density
concentrati
re flash (ISO), (CHR), (1SO),
on, Vol. % 3 3
(CHR), °C S gcm gcm
10 900 4 98.9 96.4
20 925 8 97.8 98.7
30 1013 17 98.0 99.8
40 1090 182 99.7 99.1
50 1216 4260 97.6 96.1

The thermally etched flash sintered microstructures at 150 V

cm™ for isothermal temperature of 1100°C are shown in Fig. 35(a-e),
for Al,O3/3YSZ composite containing 10, 20, 30, 40 and 50 volume
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fraction of Al,O3. The two phases of composite can be clearly identi-
fied from differences in its colour, the dark one represents alumina
while the bright one for zirconia. The grain sized distribution for each

phases were shown in Fig. 36.

Fig. 35 Micrograph obtained after flash sintering of the Al,03/3YSZ
composite at 150 V cm™ with different volume percent of alumina at
isothermal furnace temperature of 1100 °C. (a) 10 vol%, (b) 20 vol%,
(c) 30 vol%, (d) 40vol% and (e) 50 vol% Al,Os.
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(a) 10 Vol% Al,O; in Al,05/3YSZ composite
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(d) 40 Vol% Al,0; in Al,0,/3YSZ composite
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Fig. 36. histogram distribution of grain size for the above (Fig. 35)

micrographs.

The average grain size of alumina and zirconia obtained
were plotted with respect to volume concentration of alumina (Fig.
37). The average grain size is plotted for both the sintering condition
that is (CHR and isothermal). The grain size obtained shows higher
grain size of zirconia than alumina below 30 vol% alumina. At 30 vol
% the average grain size in both the phase remains constant. When
alumina exceeds 30 vol %, the grain size alumina grows much faster

than zirconia grains.
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Fig. 37 The grain size with different volume fraction of Al,Oz in
Al,O3/3YSZ composite.

4.3.2 Conclusions

Addition of alumina increases the onset for the flash sinter-
ing. Higher the alumina contained higher will be the onset tempera-
ture (CHR) or incubation time (ISO). Below 30 vol% of alumina, the
diffusivity of zirconia was much faster compare to alumina. However,
above 30 vol% of alumina, diffusivity of alumina is more mobile in

contrast to zirconia grains.
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4.4 Preliminary Results on Flash

Sintering of Hydroxyapatite (HA)

4.4.1 Results and Discussion

a) Field assisted sintering

The Sintering of ceramics leading to densification occurs as
sample temperature rises which is accompanied by shrinkage. If we
apply electric field to the sample, sintering is enhanced and occurs at
lower temperature as shown in Fig. 38. The sintering nature of two
different hydroxyapatite powders are shown here. Fig.38a represent
for HA-A and Fig. 38b represents for HA-B. . The conventional sinter-
ing curve represented by 0 V shows different sintering profile for the
two HA samples, but shares a common onset temperature of ~700°C.

Field assisted sintering is divided into two regimes, the
FAST and the flash regime. In the FAST regime, the sintering occurs
with gradual enhancement of shrinkage while in the flash regime sin-
tering accompanied by sudden shrinkage. At 500 V cm™ both HA
samples undergo FAST sintering; the densification was enhanced at
~950°C which continues until 1317°C with small a flash at the end
where strain remains almost constant.t. As field is increased to 1000
V cm™ the sintering clearly divides into two regimes. Initially it under-
goes FAST sintering and then transits into flash with vertical slop in
its shrinkage strain curve. The two sample shows flash sintering at
1060°C and 1030°C for HA-A and HA-B respectively. This type of
behaviour is known as Hybrid sintering. Similar behaviour was ob-
served in MgO doped alumina [9], titania [43], alumina zirconia
composite [58] and undoped Yttria [45].
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tion of furnace temperature (a) HA-A and (b) HA-B

At higher field of 1500 V cm™ the flash sintering tempera-
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ture is reduced to 940°C and 894°C for HA-A and HA-B respectively.
Finally the flash sintering temperature is further reduced to 840°C
(HA-A) and 850°C (HA-B) for applied field of 2000 V cm™.

b) Joule Heating
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Fig. 39 Arrhenius plot of power as a function of furnace temperature
at different applied electric fields (a) HA-A and (b) HA-B
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In the method of flash sintering, shrinkage is accompanied
by power surge in the specimen. Fig.39a and Fig.39b depicts the
power runaway in the case of HA-A and HA-B at different applied
field. The power is given as the product of electric field and current
density. In an Arrhenius plot (Fig. 39), under applied field of 500 V
cm™ the current density increases linearly up to ~940°C (Fig. 39a)
and ~980°C (Fig. 39b), remains stable for a while, and then again in-
creases up to ~1130 °C and ~1190 °C respectively. After that it again
becomes stable for a while and then increases abruptly. Once the
current runaway occurs the power supply was switched off. For ap-
plied field of 1000 V cm™ and 1500 V cm™, stable state of current
density before flash, seen only above 900°C. The flash sintered sam-
ple below 900°C does not show this behaviour. The stability of the
power before flash could be related to its electrical conductivity.

c) Micrograph

The microstructures obtained after consolidation, either by
flash or by conventional sintering are demonstrated in Fig. 40-41. The
fractured surface of the samples obtained by conventional sintering
shows higher grain size compared to that of flash sintered sample.
Both the HA samples obtained by conventional sintering shows simi-
lar microstructure. The microstructure of the samples sintered with
500 V cm™ is different from those sintered at higher fields (1000-2000
\% cm'l). At a respective voltage, the grain size of flash sintered HA-B
is much smaller than that of HA-A. The difference in grain size could
be related to the initial particle morphology which was different for
both the powders (Fig.16).
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The final density of the sintered sample were analysed by
Archimedes method and are reported along with the furnace tem-
perature in table 10. The relative densities obtained are in the range

of 90-95 %. The variation in the density with applied electric field
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could be due to uneven final current density during flash sintering.

Table 10. Archimedes density and furnace temperature for both hy-

droxyapatite samples

Electric HA-A HA-B
field Relative Furnace Relative Furnace
(% cm'l) density temperature density temperature
(%) (°C) (%) °C)
0 96 1400 91 1400
500 94 1317 93 1287
1000 93 1067 90 1035
1500 95 941 90 896
2000 92 840 95 850

d) X-ray analysis and FTIR

XRD patterns of as received powder and flash sintered hy-
droxyapatite at electric field from 0 V to 2000 V cm™are presented in
Figure 42 (HA-A) and 43 (HA-B). For as received sample and sample
sintered at 0 V, the spectra accounted for hydroxyapatite (HA), hex-
agonal crystal structure (JCPDS file 09-0432). In all the sintered
samples, no additional peaks or peak shift is observed. This suggests
there is no phase change of HA. However, for an applied field of 500
V cm™t (Fig. 42), the relative peak intensities of HA-A was found to
symmetrically depart from those given in the JCPDS file, suggesting
a preferred orientation effect after flash sintering. Preferred orienta-
tion was evident for the peak intensities at 26=26° (002), at 26=31.7
(211), at 26=32.2 (112), at 26=32.9 (300) and at 26=53.2 (004). No
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preferred orientation was observed for HA sample sintered with 0 V at
1400°C.

Preferred orientation is more evident in hydroxyapatite when
sintered under applied field. The effect was reported during spark
plasma sintering of HA [77]. Even during pressure assisted sintering

of HA, this phenomena was observed [24]. For HA with hexagonal

crystal structure, all the OH™ are known to align along the c-axis and
direction of H-O or O-H are parallel to c-axis [78]. Conduction of pro-
ton is proposed to be the mechanism for enhance conductivity in HA,

in which protons were transferred along the OH™ chain [79]. As a
consequence of proton transfer, the defect are generated which will
direct the diffusion process along the c-axis. Any change in the rela-
tive intensities for 002 and 004 plains predicts growth along the c-axis
[80]. In Fig. 42, it is observed that the 002 and 004 peak intensity de-
creases with increase in electric field from 500 to 2000 V cm'l, and at
2000 V cm™ the peak intensities are almost identical to that of O V. It
should be noted that (table 10) the temperature required for sintering
decreases with the increased in applied electric field. The diffusion of
ions is thermally activated process and is more active at high temper-
atures. Thus the samples sintered with lower electric field requiring
higher sintering temperature shows enhanced preferred orientation
due to higher diffusivity along c-axis. Similar effect was observed in
HA-B (Fig.43), but to a lower extend compared to HA-A (Fig.42).
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The phase stability of flash sintered HA phase again con-
firmed with FT-IR analysis. The FT-IR patterns of pure and flash sin-
tered samples (HA A and HA B) are presented in figure 44. In both
the cases, the peaks at 570, 595, and 1020-1120 cm™ are the vibra-
tional modes of PO,* groups and OH groups of apatite is at 635 and
3571 cm™ for all samples. The OH vibrational peak is also obtained in
very high voltage sintered samples. This means that during flash sin-
tering the HA does not show any type of structural decomposition.
Thus the flash sintering is an effective technique for the sintering of
HA biomaterials.

Since these are the initial results on flash sintering of hy-
droxyapatite, it remains to be discussed about the effect of current
density on densification and grain size. Grain growth in flash sintering
occurs in post flash state which occurs by controlling the current den-
sity [5]. It was reported that maximum current density, control the
densification process. Similarly the densification is also controlled by
post flash stage, that is flash sintering under current control [58]. This
could be the future conclusions for flash sintering of hydroxyapatite.
Even reducing the initial particle size can certainly affect the grain
size and also the flash sintering temperature. Nevertheless, this work
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has initiated the flash sintering of hydroxyapatite and it is necessary
to analyse the process by using the electric field in much more de-

tailed way.

4.4.2 Conclusions

We have shown that electric field can invoke flash sintering
in hydroxyapatite at certainly higher field compared to other ceramic
oxides sintered by flash sintering [2,3,40]. It was found that flash sin-
tering was observed in hydroxyapatite ceramic at field > 500 V cm™.
Increasing the applied field, the temperature for the onset of flash be-
comes lower and lower. In the present study, flash sintering of hy-
droxyapatite was shown at furnace temperature of ~ 840°C for an
applied field of 2000 V cm™. Phase analysis by XRD and Infrared
spectra confirm the formation of hydroxyapatite without phase
change. The spectrum remains almost similar to that of initial pow-
ders. Certain orientation of plane along the c-axis was observed in
low field flash sintering, which could be attributed to electric field in-
duce defect migration along c-axis. This effect was not observed at
higher field where sintering occurs at much lower temperature. The
grain size of flash treated sample remains quite small compared to

conventional sintered sample.
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4.5 Effect of dopants on flash sintering of

alumina

4.5.1 Results and discussion

a) Flash sintering of alumina

The Arrhenius plot of power dissipation for undoped alumina
at applied field of 1500 V cm™ and 1750 V cm™ are shown in Fig. 45.
Undoped alumina remains inert for flash sintering at field up to 1000
V cm™ [9]. Increasing field to 1500 V cm™ shows flash nature at
~1330°C which exists for a short time and then diminishes. The effect
of arcing between electrodes was seen as a peak with unstable pow-
er dissipation, when temperature of 1050°C was reached. With fur-
ther increase in field to 1750 V cm’l, flash sintering was observed at
1310°C. The Archimedes density obtained after flash sintering was
95 % and 93 % for 1500 V cm™and 1750 V cm™ respectively.

97



1000 5
] Alumina
——1500Vcm'
——1750 V cm™
t’l) 100 E
E ]
= /—-Sparks
€
= 103
g ]
[3)
o
14
T T T T T T T T 1
1400 1200 1000 800

<+— [Temperature (°C)] -1

Fig. 45. Arrhenius plot for flash sintered of undoped alumina.

b) Flash sintering of doped alumina

The shrinkage strain versus temperature data for MgO and
Fe,03 doped alumina at an applied field of 1000 V cm™, obtained at
constant heating rate of 10°C min™, are shown in Fig. 46 and Fig. 47
respectively. The shrinkage strain is observed for two different dopant
concentrations: 0.5 wt% and 1.0 wt% for both MgO as well as for
Fe»03 doped alumina. Flash sintering is observed for both the dopant.
In case of MgO doped alumina, at 1000 V cm™ the shrinkage strain
undergoes the same trend as that of conventional sintering (0 V). But
at the onset of flash it deviates suddenly and shows vertical slop in
the shrinkage strain curve. The onset of flash is observed at 1205°C
(0.5 wt%) and 1215 °C (1.0 wt%).
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Fig. 46. the linear shrinkage strain for MgO doped alumina at 0 V and
1000 V cm™.

However, for Fe;O3; doped alumina, the onset of flash was
seen at 1340°C (0.5 wt% and 1.0 wt%). Again the sintering curves at
1000 V cm™ coincide with the conventional sintering curve, and
shows similar type of deviation as that of MgO doping with vertical

slope.
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Fig. 47. the linear shrinkage strain for Fe>O3 doped alumina at 0 V
and 1000 V cm™.

The doped-alumina exhibits a power surge at 1000 V cm™
that coincides with the onset of flash-sintering. The power dissipation
curves for MgO and Fe;O3 doped-alumina are given in Fig. 48. The
power supply is then switched to current control mode in order to con-
trol joule heating. The maximum current limit available on power sup-
ply was 60 mA. It is observed that only MgO doped alumina under-
goes the voltage to current mode transition, However Fe,O3; doped-
alumina shows flash for short duration and diminishes without reach-
ing to maximum pre-set current limit of power supply. The reason for
this is unclear but it could be due to Fe>Os3 solubility in alumina matrix
[57], but XRD analysis does not show any extra peak for phase

change.
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Fig. 48. Arrhenius plot of power dissipation for MgO and Fe,O3 doped

alumina at 1000 V cm™.

The relative density obtained after consolidation either by
flash or conventional sintering are shown in table 11. The densities
obtained were in the range of 90-95 %. The density of conventional
sintered sample was little higher then flash sintered samples. This
could be due to lower current density during flash sintering. Since the

power supply was limited to maximum current limit of 60 mA.
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Table 11. The Archimedes density for doped alumina at 0 V and 1000
Vem™

Dopant Relative density (%)
Concentration MgO doped alumina | Fe»O3; doped alumina
(wt %) ov [1000vcm*| o0V | 1000Vcm™
0.5 94 91 94 92
1.0 95 92 94 94

4.5.2 Summary

Flash sintering of alumina require higher electric field (>1000
V cm™). However, addition of impurities modifies the onset of flash
sintering, both in terms of applied field and also by reducing the sin-
tering temperature. The doped alumina shows flash sintering at 1000
V cm™, while un-doped alumina require higher applied field. Similarly
the different dopant have different onset for flash sintering. The MgO
doped alumina sinters at lower temperature then Fe,O3; doped alumi-
na for a same applied field. As MgO was well known for its ability to
segregate on the grain boundary, Whereas Fe,O3 has very high sol-

ubility at higher temperature.
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Chapter 5
Conclusions and future outlook

5.1 Conclusions

A newly born flash sintering or field assisted technique for
sintering of ceramics has been presented in this thesis. The proposed
research activity describes the flash sintering procedure to sinter
alumina zirconia composite, hydroxyapatite and even insulating un-
doped and doped alumina.

In case of alumina-zirconia composite the flash effect is
shown to occur at the same applied electric field as that of 3YSZ.
However, for semiconducting hydroxyapatite and insulating alumina
the field strength required to induce flash effect is much higher in con-
trast with 3YSZ. For 3YSZ electric field effect is known to occur in two
distinct mechanisms FAST and flash, whereas in composite the sin-
tering comprises of FAST in the initial stage and then transitions into
flash mode.

The phenomena of flash sintering occur in three different
stages. In stage |, sintering process is similar to that of FAST sinter-
ing. When transition occurs from semiconducting to conducting, it can
be defined as stage Il, which is controlled by the power supply by
switching voltage to current control. In current control mode voltage
decreases and then remains constant, which is stage .

Grain growth in free sintering is more pronounced in the final
stage of sintering. Similarly, in flash sintering, if specimen attained
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higher density in stage Il then grain growth will occur in the stage Il
of flash sintering. The grain size can be controlled by controlling cur-
rent density and the post flash time. It is also observed that grain size
decreases with increase in the applied electric field.

The characteristic effect of nucleation and growth is ob-
served under isothermal flash sintering experiments. The flash is
seen to occur with an incubation time, and it depends on the furnace
temperature and applied electric field. Based on the isothermal exper-
iments a model for nucleation and growth of embryo is presented.
The nucleation is proposed to occur at the furnace temperature, and
joule heating is observed during post flash sintering. Therefore nucle-
ation is the precursor to the onset of flash and Joule heating is a con-
sequence of nucleation process.

The flash sintering is even observed in proton conducting
hydroxyapatite. However, it requires higher field range of 1000 V cm™
to 2000 V cm™. The sintered samples are shown to densify to a rela-
tive density > 90 % by flash sintering technique. At high temperature
and low applied field, flash sintering leads to c-axis growth of HA
crystal.

The addition of impurity decrease the magnitude of field and
threshold temperature for flash, but concentration of impurities does

not induce much influence on the onset of flash sintering.

5.2 Future outlook

More accurate measurement of specimen temperature is re-
quired to calculate the actual specimen temperature during flash sin-
tering. The common procedure used for measuring specimen tem-
perature was by pyrometric measurement during flash sintering.

However pyrometer can measure the surface temperature and not
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the bulk temperature, which could be much higher than the tempera-
ture observed during sintering.

Experiments reported shown the grain growth with respect
to current density or post flash stage. Similarly it will be also interest-
ing to measure grain size involving same flash condition with in-
creased furnace temperature.

Results presented suggest influence of grain boundary
properties on flash sintering. This could be analysed in more detall
with the help of dielectric measurement on a two phase system. Even
some high resolution TEM analysis will be helpful to analyse this in-
teresting effect of flash sintering.

Flash sintering of hydroxyapatite needs to be analysed in
much more detailed way with respect to current density. Even higher
density can be achieved by controlling the current density. Additional-
ly, grain growth analysis of hydroxyapatite will be much more helpful
in obtaining fine grain microstructure. Flash sintering temperature of
HA can be lower by carrying out isothermal flash sintering experi-
ments at much lower temperature. Also it could be interesting to ob-
serve nanometric particle effect on flash sintering of hydroxyapatite. It
remains to analyse the micrograph of flash sintered un-doped and
doped alumina.

The initiation of a flash event has the signature of the nucle-
ation but the post flash events involve many complex phenomena,
which need further detailed investigations through both experiments

and modelling.
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