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Abstract

The innovative flash-sintering technique has been considered to investigate the
effect of DC electric field on sintering and electrical conductivity of two oxide ceram-
ics MnCo204 and Lao.6Sro4Coo2 Feos0s (LSCF). These oxides are renowned for their
high electrical conductivity and oxygen reduction properties, and therefore find appli-
cation in solid oxide fuel cell as interconnect coating and cathode respectively. Flash-
sintering of LSCF composite with 10 mol% Gd doped ceria (GDC), which is consid-
ered more promising than pure LSCF for cathodic application, is also reported. In
flash-sintering-effect, when an adequately high DC electric field is applied on a green
specimen, which is subjected to heating at a constant rate, the field drives rapid in-
crease in the conductivity at a suitable furnace temperature. This event drives sinter-
ing, and the rate of shrinkage is so rapid that the material, generally, sinters in a cou-
ple of seconds without requiring elevated temperature. The aim of the present work
is to better understand such electric field effect on sintering as it may affect the mate-
rial properties (microstructure, conductivity etc.). Till now, the technique has been
mostly reported for weakly conducting or insulating materials. The present work
deals with the conducting-edge materials to point out the versatility of flash-sintering
technique.

The present work demonstrates the flash-sintering of conductive oxides,
MnCo204 and LSCF. These oxides are sintered under electric field ranging from 7.5
to 12.5 V/cm at furnace temperatures 100-200°C, which are 1000°C lower than tradi-
tional heat treatments. LSCF, being highly conductive, surprisingly sinters at 25°C
under 12.5 Vicm. On the other hand, the composite phases (LSCF/GDC: 60/40,
50/50 and 40/60 weight ratios) flash sinters at higher temperatures and electric fields
which is systematic with GDC additions. The role of electric field and temperature in
sintering is realized from specimen temperature which helps to understand the ob-
served outstanding event. The flash-sintering occurs at conventional sintering tem-
peratures and therefore, enhanced sintering at a particular temperature at this stage
is expected to result from increased defect concentrations. Rapid increase in the

conductivity possibly provides diffusion-able sites at rapid rate and the high sintering



rate can be explained to occur using these sites. At drastic conductivity increase, the
thermal effect is so dominant that ions diffuse for sintering more with the support of
local temperature and less by the electric field. The extent of sintering is confirmed
through scanning electron microscopy. The microstructural analysis carried on flash-
sintered samples suggests that the surface morphology and grain growth homogene-
ity resemble that of traditionally-sintered samples. With the proper choice of pro-
cessing parameters (electric field and current density), dense and pore-free micro-
structure for MnCo204 coating and porous microstructure of LSCF for cathodic appli-
cation are obtained in very short sintering time. From the case of composites, current
is clearly pointed to be a determining parameter in controlling the density. An en-
hanced electric field effect is recorded on the microstructure of MnCo204 starting at
1100°C. No such temperature discrimination is observed for LSCF, the sintering ef-
fects being regular with the temperature. From XRD analysis, MnCo204 undergoes to
a significant phase reduction for the specimen temperature in excess of 1100°C. The
LSCF and its composite phase’ are stable and compatible with GDC10 against flash-
sintering. These observations are in agreement with conventional sintering. The
flash-effect is investigated by analyzing electrical conductivity property of dense
specimen. Consistent changes in current-voltage characteristics with temperature
suggest that the electric field controls the conductivity in the same way as tempera-
ture does. At sufficient temperature, the electric field enhances the conductivity by
increasing thermal excitation of charge carrier. At low temperature, the field enhanc-
es the conductivity by direct energy transfer; these temperature and field has a fun-
damental role in flash-sintering. On the basis of conductivity analysis, flash-sintering
is proposed to be accelerated by utilizing defect complexes formed during the
“polaron-hopping” which is the usual conduction mechanism of these materials,
MnCo204 and LSCF. On the basis of correlation between the microstructure and
phase stability, a constraint about the utilization of defect complex is realized. Sinter-
ing is enhanced when there is stabilization of reduction reaction in hopping process.
This condition assures the availability of defect complexes for sintering; under equal
probability of hopping transitions, the reduction is more under the tendency of oxida-
tion. It was realized in the sintering of MnCo204 is enhanced over conventional for

temperatures higher than 1080°C which corresponds to the reduction temperature.
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Such implication was verified on LSCF where sintering is found to be enhanced for
all the considered temperatures as it undergoes reduction as sintering starts. There-
fore, sintering is proposed to occur by the movement of reduced transition metal cat-
ions during usual hopping mechanism. Sintering at unusually low temperatures, in
very short times and involving quite usual ionic transitions shows its potentials for ce-
ramics manufacturing especially in multilayer production and temperature sensitive

application.
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Chapter |

Introduction

Ceramic materials have become immensely popular in the modern time for their
‘wide range’ of ‘tailorable’ properties [1-4]. These are backbone of many industri-
al/manufacturing/household/transportation /energy areas for their technological ap-
plications [5]. This class of ceramic, separated from traditional ones, is distinguisha-
bly honored as advanced ceramics and became prominent in the 20t century when
the materials systems turned more purified, and different compounds and processes
were developed for structural and electronic applications [6]. This new class of ce-
ramics is renowned for their high chemical purity, careful processing and functional
properties [6]. According to their properties and applications advanced ceramics are
broadly categorized into structural, electro- and bio-ceramics. About 90% of present
ceramic use relies on their insulating, dielectric, piezoelectric, magnetic, optical, and
lately, superconducting properties which led their use in electronic and electrical
applications, these are referred as electroceramics [6]. Their applications include the
piezoelectric lead zirconate titanate (PZT) elements in telephones and autofocus
cameras, capacitors made of barium titanate in televisions, radios and almost all the
electronic equipment, the microwave dielectric ceramics used in highly selective
filters for cellular phones and satellite communication systems [6]. Fuel cells utilize
zirconia as solid electrolyte [7], rare earth and transition metal based oxide ceramics
for electrical or electrochemical applications [8,9]. The other 10% of ceramics use
constitutes the structural ceramics in which the mechanical properties such as
strength, modulus, toughness, wear resistance, hardness etc. are of primary inter-
est. For example, amongst oxides, alumina are extensively in demand for its hard-
ness, inertness and in high temperature application as refractories [10], zirconia for
thermal barrier coating [11,12]. Non-oxides, silicon carbide and tungsten carbide are
first choice for cutting and abrasive tools for its hardness and wear resistance proper-
ties [13]. Also, these are well used as heating elements for its high melting tempera-
ture. Ceramics has also gained attention for bio-applications where these are used

inside the human body as hip and bone transplants, as supports for directed delivery
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and as components in implant devices such as pace makers. Their biocompatibility
and adequate mechanical strength makes some ceramics such as zirconia [14],
hydroxylapatite [15], B-tricalcium phosphate [16,17] the ideal materials for these

applications.

For any application, ceramic powders are first consolidated in the desired
shape to produce a "green body". It is usually done by applying a pressure (150-200
MPa) to reach adequate density, of about 50-60%, for handling. To convert into
useful structure, the green body is fired between 700-1700°C depending upon the
ceramic, which causes a drastic reduction in porosity and makes the structure strong.
The material/sintering is controlled and manipulated in order to reach desired proper-

ties.

Ceramics find one essential application in solid oxide fuel cells (SOFC) [18],
where different layers of oxide-ceramics with different structural, electrical properties
are arranged together to generate power by an electrochemical reaction [19]. Engi-
neered-sintering of layers for selective/specific growth of microstructures is the key to
create an efficient cell. In a general sense, high temperature processing of ceramics,
renders issues on its processing in terms of time and cost (of equipments and envi-
ronment); zirconia (8YSZ) which is widely accepted as SOFC electrolyte demands
1400°C for full densification. High temperature, sometimes, is an issue if material or
its environment (in multilayer or composite) is sensitive to temperature. For example,
electrolyte in SOFC should be fully-dense whereas the adjacent cathode and anode
layers need to be porous. Therefore, materials demand selective treatment; sintering
of layers with different requirements is a challenge. In other case, SOFC interconnect
ceramic coating should be without open porosity but the materials sintering is re-
stricted to 800°C for metal usage, this temperature is very low for adequate densifi-
cation. Moreover, some high temperature reactions are undesirable, for example
reduction of MnCo204 phase decreases its conductivity thereby degrading its electri-

cal properties for coating application in SOFC [9].

The discovery of flash-sintering techniques provides a solution to many of such

sintering issues. Flash-sintering is an electric field assisted sintering technique which
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can produce dense/porous (as per requirement) samples in a couple of seconds and
limited temperatures; 8YSZ is flash-sintered to full density in less than 5 s [20], with-
out requiring ‘any’ higher temperature [21]. Shorter time-temperature processing may
help to control or completely eliminate the undesirable reactions of high temperature
[22] and can also lead to reduced sintering stresses and improved interfaces in
SOFC multilayer development. Also, there can be selective flash-sintering effect
depending upon the conductivity of materials [23]. Moreover, the technique allows
lesser use of processing equipments and thereby lesser production of harmful or
unwanted waste. The electrolyte, interconnect coating, composite anode (NiO/YSZ)
materials of SOFC technology has been reported to be flash-sintered with requisite
properties in a flash of time [23]. The reason of such fastness is not totally under-
stood, though understanding the mechanism is crucial in controlling the properties.
The conductivity based flash-sintering is mostly reported and discussed on weakly
conducting materials like YSZ, MgO-doped alumina etc [20,24-26]. The present work
moves to the other end and deals with the flash-sintering of electrically conductive
ceramics, MnCo204 and (La, Sr)(Co, Fe)Os which are candidate materials for inter-
connect coating and cathode in SOFC, respectively. These are also prominent in
other applications for their high electrical conductivity and oxygen reduction property.
These materials are at a large gap in conductivity among the already reported mate-
rials in flash-sintering applications. The possibility of flash-sintering LSCF/GDC-
Gdo.1Ceo.902 composites containing different amounts of GDC is also investigated.
This composite is considered as more promising for cathode than pure LSCF phase.
The aim of the work is to analyze the flash-sintering behavior and mechanism in
order to better control the microstructure and, therefore, the properties under fairly

new sintering method.

The flash-sintering effect in a sample occurs when applied electric field is
greater than a certain threshold and is suitably paired with a temperature. The effect
starts with unusual rapid increase in the conductivity and heating by Joule effect.
Thereafter, sample shrinks in an instantaneous manner. All these events occur within
less than a minute. Initially, this fast sintering was thought to be due to rapid thermal-

ly-driven-diffusion effect. Nevertheless, under rapid heating as in flash-sintering, the
3



kinetic factor restricts the rate of ionic diffusion and, therefore, to achieve a particular
degree of sintering significantly higher temperature is required [21]. The analysis of
temperatures in flash-sintering revealed that rapid diffusion could not be the only
effect [21]. The retarded grain growth, occurring as a result of fast heating, is almost
ruled out by the observation of similar/increased grain size in zirconia and MnCo0204
compared to that of conventionally produced samples [22,27]. Paired-defect for-
mation under electric field is the most discussed theory of flash-sintering as this
allows to explain both the increase in conductivity and the geometrical shrinkage
[24,28]. However, there is no final confirmation or visualization of such argument.
How do materials with different conductivities-mechanisms and different composi-
tions, oxide or non-oxides undergo similar kind of flash-effect is still an open ques-
tion. And although it is related to defects formation, more detailed analyses are re-
quired about conductivity and defect structure of materials in order to construct a
robust background for flash-sintering of materials. Therefore, a part of the research
work regarding flash-sintering is dedicated to understand its causes and it is one of

the prime concerns of the present work.

Manganese cobalt oxide (MnCo204) is the most conductive material from the
family of ceramic materials that have been densified using flash-sintering [10]. The
high conductivity of the spinel made it suitable for application as interconnect-coating
in solid oxide fuel cells (SOFC) [29,30]. The purpose of using MnCo204 as a coating
is to maintain the conductivity of the interconnect steel along with protecting it from
oxidation [15] and the cell from Cr-poisoning [31,32] at high temperature. The SOFC
demands dense coating for interconnects which should not possess open porosity.
On the other hand MnCo204 sintering demands temperatures as high as 850-1300°C
[9] which are not sustainable for Crofer steel. Several hours of sintering at low tem-
perature are responsible for the growth of chromia layer, which increases the re-
sistance of the stack [30,33,34]. Flash-sintering is a promising approach in such
temperature sensitive application for its ‘very low time and lower temperature’ de-
mand. The ability of flash-sintering of Mn-Co oxide is reported [27]. The treatment
without current control produced very high power dissipation. It is not clear if such
high values are the necessary requirement for sintering. The unusual fastness in
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temperature-increase during flash-sintering can cause the mechanical fracture of the
ceramic specimen. Therefore, the minimum of parameters (power dissipation in
terms of electric field and current density) are required to estimate in order to better
control the processing of spinel oxide. The other issue with the sintering of MnCo204
is related to its phase stability at high temperature [9]. Conventional sintering leads to
the formation of secondary phases which subsequently results in a decreased con-
ductivity [9]. Thereby, it diminishes the role of MnCo204 which is preferably used for
its higher conductivity in SOFC and as a conducting phase for mixed ionic-
electronically conductive (MIEC) application [9]. Because of this reason, in practical
applications, an optimal value for sintering temperature and time are chosen in order
to achieve the optimal mechanical and electrical properties [19]. The drastically re-
duced time and lower temperature typical for flash-sintering are expected to be help-
ful to obtain the desired spinel phase structure of MnCo204. Moreover, it will also be
useful to analyze the correlation between sintering and stability of spinel phase dur-

ing flash-sintering.

La1«Sr«Co1yFeyO3 (LSCF), which makes the other part of the thesis, is an elec-
trically conductive material whose conductivity, in a part, is based on the same
polaron-hopping mechanism as found in MnCo204. LSCF a mixed oxide is developed
for cathodic application in SOFC from parent LaFeOs and LaCoOs oxides which are
well known compounds for their electrochemical properties and applications [35,36].
A particular composition, LaoeSro4Coo2FeosOs (LSCF), is specially chosen for its
good high electronic and ionic conductivity [36]. As a cathode, it facilitates oxygen
reduction and transportation to the adjacent electrolyte through the porous structure.
In the present SOFC scenario (in anode or electrolyte supported configuration with
8YSZ electrolyte), the cathode is generally sintered on the electrolyte at the later/final
stage of the cell production in order to preserve the porosity and to develop the reg-
uisite properties [37]. During sintering, even at temperature lower than 900°C, LSCF
forms a weakly conducting phase at the YSZ/LSCF interface which is highly undesir-
able [38]. In order to overcome such sintering issue, Gd doped ceria (GDC) barrier
layer is usually inserted between the two since LSCF was found to be compatible
with doped ceria although also YSZ-GDC sintering is not exempt from problems [39].
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Without adding structural complication, flash-sintering of LSCF is promising for de-
veloping YSZ/LSCF layer since sintering for few seconds can result in improved
interface properties. An additional interest regards the possibility of flash-sintering
very high electrical conductivity (250-330 S/cm at 600-800°C [36]) material like
LSCF, which possesses conductivity 3-4 times larger than MnCo204 [9] and more
than two orders from others [25,40]. This can increase the knowledge of the still
rather obscure electrically-driven flash-sintering phenomenon. In addition, LSCF as
like MnCo204 contains transition metal cations and its conductivity, in part, is con-
trolled by similar hopping activity [36,41] thus allowing a comparison between the two
material systems flash-effect and sintering behavior. Therefore, flash-sintering results
of LSCF are, here, compared with those of MnCo204 in order to provide a more
general understanding of flash sintering phenomenon which would be helpful in

understanding and controlling the material properties.

In the light of the discussed conventional sintering issues for MnCo204 and
LSCF, the novel flash-sintering method is considered and investigated in order to

resolve them. The main objectives of the present work are:

e to estimate the sintering parameters, e.g. electric field, current density, temper-
ature to deal with in order to control the microstructure (grain growth, densi-
ty/porosity etc) and phase stability properties;

e to analyze sintering behavior in terms of specimen temperature for understand-
ing the role of electric field and temperature in flash-sintering;

e to analyze the electrical conductivity under electric field/temperature in order to
understand the flash-sintering-effect;

e to compare the results of electric field assisted flash-sintering and electrical
conductivity of the two materials in order to present a rather general under-

standing of the effect and the mechanism.

The flash-sintering on green specimen and electrical conductivity behavior on
dense specimen is experimentally studied under different electric fields. The results

are compared with those collected under conventional conditions. On the basis of the
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results an attempt is made to understand the mechanisms involved in the flash-
sintering of the materials. Finally, the proposed mechanism is compared to propose a

more general physical model for describing the flash-sintering phenomenon.



Chapter Il

Background and Literature Review

2.1 Sintering of Ceramic Materials

Sintering is processing of powders in order to produce objects, of desired (ge-
ometrical, mechanical, electrical etc) properties. Sintering occurs through atomistic
diffusion, and is achieved by the heat treatment of powder compacts to elevated
temperatures, usually at T, Tm> T> 0.5 Tm, where diffusional mass transport is ap-
preciable. Figure 2.1 shows the four steps involved in the formation process via
sintering, these are 1) physical touching of particles via building powder compact, at
this stage structure is termed as green body, 2) formation of sharply concave necks
between individual particles which is the onset of increase of the mechanical strength
of the structure and the process is often termed as pre-sintering, 3) evolution of
necks and formation of grain boundaries and interconnected pores and 4) the last,
pore removal and grain growth. Successful sintering usually results in a dense poly-
crystalline solid. Sintering can proceed only locally (i.e. at contact point of grains),
without any appreciable change in the average overall density of a powder compact.
The last three steps of Fig. 2.1 define stages of sintering in terms of shrinkage level
namely initial (<10%), intermediate (~95%) and final stage which results to isolation

of pores, elimination of porosity via grain growth.

open pore
open pores

Stage I: before sintering Stage II: formation of necks Stage Ili: evolution of necks and GBs Stage IV: isolation of pores
and elimination of pores

Figure 2.1: Three particle model for showing different stages of sintering [42]

From the energy point of view, sintering is a natural process where material-
system fries to reduce its free energy due to elimination of internal surface area

associated with the pores. Therefore, surface curvature of particles and an externally
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applied pressure become driving force for sintering, and on the variation of these,
sintering can occur at faster or slower rate [43,44]. Additionally, occurrence of a
chemical reaction also drives the sintering process [4,5]. E.g. sintering occurs during
the reaction between silicon and carbon in the formation of SiC; it is attributed by
exothermic heat released during the reaction. Such kind of reaction sintering can
lower the processing temperature of SiC to 1400-1500°C [46] compared to 1700-
1800°C of hot pressing method. An schematic of sintering processes related to three
driving forces along with their energy equations, which move towards minimization

during sintering, are shown in Fig. 2.2,

Es = SYSVVm/a

OBOQ T
K Equilibrium constant
for the reaction.

a: Radius of the particle,
12..: Molar volume,
¥sv: : Specific surface energy

Surface Applied Chemical
frea anergy pressure reaction

™~ |

Dense solid

Figure 2.2: Schematic diagram showing three main driving forces of sintering [47]

2.1.1 Sintering Mechanism

Mechanism in the context of sintering simply describes the way or path matter
can move through for providing or controlling densification. Under the mentioned
forces, in the process of minimization of energy, ions/particles move through struc-
tural/crystal defects which are always available in a real system in the form of sur-
face, grain boundary, point defects etc. Depending on existence of various defects

there are six possible diffusion paths in a polycrystalline material, as depicted in Fig.



2.3, through which matter can move to the particle necks for providing inter-particle

connection at the first, and densification at later stage. These are,

1) Surface diffusion, from surface, via surface,

2) Lattice diffusion, from surface, via the lattice,

4) Grain boundary diffusion, from and via grain boundary,

5) Lattice diffusion, from grain boundary via the lattice, and

)
)
3) Vapor transport, from surface, via the evaporation,
)
)
)

6) Plastic flow, dislocation motion

Grain boundary

1. Surface diffusion

2. Lattice diffusion (from the
surface)

3. Vapor transport

4. Grain boundary diffusion

5. Lattice diffusion (from the
grain boundary)

6. Plastic flow

Figure 2.3: Various diffusion paths [47]

Among these possibilities, diffusions numbered by 4 and 5, when occur, de-
crease distance between particles resulting compaction; such diffusion processes
thereby are termed as densifying-mechanisms. Others numbered by 1, 2 and 3
which do not involve with decreasing distance between particles are termed as non-
densifying mechanisms; they are important for that even they do not cause densifica-

tion, they play a major role in controlling the densifying-diffusion processes.
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2.1.2 Grain growth and Coarsening

Grain growth, refers to the increase in the grain size, like sintering is a natural
process which occurs for the reduction in free energy related to the total grain
boundary area. Conversely, coarsening is a word to describe the process of grain
growth coupled with pore size. Many engineering properties of materials are de-
pendent on the grain size, e.g the dielectric constant of BaTiOs capacitors is found to

increase with decreasing grain size down to 1 um while the fracture strength of many

ceramics is found to increases by decreasing size as 1/G Y 2, where G represents
grain size. Therefore, the materials should be processed in controlled way in order to
achieve desired grain microstructure. The grain growth process also affects the den-
sification rate and final density of materials. At a given temperature and density, the

dependence of densification rate on the grain size is given as [47],

da
%?’Z = Gim 2.1)

Where K is a temperature dependent constant, the exponent m = 3 for lattice
diffusion, and m = 4 for grain boundary diffusion. The rapid diffusion for sintering
requires the diffusion distance to be small, thus requireing smaller grains. Rapid
grain growth cause reduction in densification rate. And abnormal grain growth results
to the trapped pores which are very dificult to remove. Coarsening refers to the
abnormal grain growth where one grain grow at the expense of other one, resulting
into a large grain size distribution. In order to achieve finer grain size microstructure

with high density moslty, following things can be done:

e If a material has high activation energy for densification, the high heating
rate can skip the step of intensive grain growth of lower temperatures.

e  Addition of dopants also seen to control the grain, as in one possiblity it
segragtes at grain boundary and reduce the grain boundary mobitliy.

Dopant may also affect the densification rate.
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e  Sintering with external pressure usually increases rate of densification,

resulting to smaller grains.
2.1.3 Sintering Analysis

In the age of novel processing and characterization techniques, materials for
any applications are often produced in an engineered way where the desired proper-
ties are nicely put or grown by controlling them at smaller scales, at its microstruc-
ture. In order to develop a material with high performance, it is important to under-
stand the relationship between particle structure and the mechanism of material
transport, and the sintering control-factors. Below is discussed briefly an example of
determining the sintering activation energy and the sintering-mechanism with the
help of 3YSZ (3YS) and Al.03 doped-3YSZ (3YSE) sintering data [48].

2.1.3.1 Sintering Activation Energy
Constant Rate of Heating (CRH) Analysis

Under constant rates of heating (CRH), the relation related to sintering valid for
initial stage (~initial 3.5% of fractional shrinkage) is given for grain boundary (GBD)

and volume diffusions (VD) separately as [48],

d(%) - (z.14beD03RT)§( Q ) X exp (_ L) 22)
dr ka*cQ 3RT?2 3RT ’
s 1

) (i) (L) ey

where AL is the change in the length of the specimen, L, the initial length of the
specimen, y the surface energy, Q the atomic volume, T the absolute temperature,

k the Boltzmann’s constant, and a the particle radius, c is the heating rate (dT /dt),

Dop and Dy, represent constant terms that are given as, bDg = Dygexp (—%)

and Dgy = Dyyexp (— RQ—T), bDy the grain boundary diffusion coefficient, b is the
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effective grain-boundary width, Dy, the volume diffusion coefficient, Q is the activa-

tion energy for respective mechanisms.

Another equation is developed where temperature, grain size and density de-
pendent quantities are separated into different terms as [48],

|1 (%) ()] =~ + asy (24)
cyv?/3

R

where agy = In[f(p)] + In

Here, p is the density, f(p) a function of density, C a constant, V the molar volume,
d the grain size, and N the grain size power law (N = 3 for lattice diffusion, N = 4:
grain boundary diffusion). In order to determine the sintering activation energy,
shrinkage profile of green samples pressed under same conditions is recorded at
different heating rates. Assuming isotropic shrinkage, density p(T) at a given tem-

perature T is calculated by the following equation,

o) = (5) s 9

where Ly and L(T) are the final length and the length at temperature T of the spec-
imen, respectively. py indicates the final density that can be measured by the Archi-
medes method. For different heating rates, the T and dp/dT values at the same
relative density (at the fractional shrinkages of <4%, which satisfy the condition of
sintering without grain growth) is determined, and their values are plotted in Arrheni-
us-type plot of T(dT/dt)(dp/dT) against 1/T. The activation energy is deter-
mined from the slope of the straight line at each relative density (Eq. 2.4). For exam-
ple at a relative density of 50%, the activation energies of 3YS and 3YSE is reported
to have similar values, and on exceeding 50%, activation energies of 3YSE were
lower than those of 3YS. Averaging the activation energies of 3YS and 3YSE deter-
mined at the relative density range of 50-54% consecutively, it was seen that the Q@
value of 3YSE was smaller than that of 3YS. The value of ag,, term, which is related
to surface energy for constant density and grain size, is determined from the inter-
cept of the straight line in the Fig. 2.4(a). The low a,, value reported for 3YSE sugg-
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Figure 2.4: a) Arrhenius type plot for the estimate of activation energy of sintering, (0),(0), (A),
() and (e) represent 50%, 51%, 52%, 53 and 54% relative densities respectively b) Grain
boundary diffusion type plots of 3YSZ (o) and Al203 doped 3YSZ (o) [48] .
est that the surface energy and average activation energy of 3YSZ powder is re-

duced by including a small amount of Al20s.
2.1.3.2 Sintering Mechanism: Diffusion Parameters

Sintering mechanism is determined using Egs. 2.2 and 2.3, from the slope S, of
the plot of in[T5/3d(AL/Ly)/dT]| or In[T3/2d(AL/Ly)/dT] versus 1/T by
assuming GBD or VD; the m value is calculated using Q and S, by the simplified
relation of Q/m = —RS, where m = 3 for GBD and m = 2 for VD. In the exam-
ple, for 3YS both the relations for GBD and VD were linear and m-value was close to
3 suggesting dominance of GBD. For 3YSE, the relation deviated in response to
Al203 addition from linear starting from 1110°C (corresponding to a relative density of

49%); its m-value was close to 2 indicating VD.
Isothermal Shrinkage Analysis

The above analysis is validated using isothermal shrinkage measurements. The

sintering rate equation of isothermal shrinkage at the initial sintering is as follows,
ALY _ (KyQD\"
() =Gaer) & 28)
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log (i—z) = nlogt + nlog (I:;ZS) (2.7)

Where K is a numerical constant, D is the diffusion coefficient, p a constant, n the
order depending on the diffusion mechanism. Equation is applicable to the fractional

shrinkages of <4%, which satisfy the initial sintering condition. Using the isothermal

shrinkage data, log (i—L) is plotted against logt and from the slope n value is de-
0

termined. According to two sphere shrinkage model, n value for GBD and VD range

between n =0.31-0.33 and 0.40-0.50, respectively. The n values of 3YS and 3YSE

were 0.32 and 0.41, respectively. Compared with above n values, it was confirmed

that the diffusion mechanism of 3YS and 3YSE were GBD and VD respectively.
2.1.4 Sintering Activation

Because of strong bonding forces, solid state diffusion is a slow process and
requires elevated temperatures for its effective occurrence for sintering. For example
processing of alumina requires at 1100-1700°C [24,49], zirconia 1100-1450°C [20],
and this way, demands high temperature sustainable instruments and inert/vacuum
environment leading to a large production costs. In order to overcome processing
issues, often efforts are made to decrease the sintering temperature and/or time by
increasing the sinter-ability of materials; such process is termed as sintering-
activation. In addition to above mentioned factors, activated sintering is sometimes
required based on material's specific application and environment. For example
sintering of MnCo204 coating on metallic interconnects for solid oxide fuel cell appli-
cation is restricted to lower temperatures [29,33,50]. In order to make a better com-
promise with time and temperature, the sintering is reaction-activated where spinel
phase is first reduced to constituent oxides in reducing atmosphere and then is oxi-
dized in air to form MnCo204 with improved connectivity and sintering of coating.
Other example includes addition of gadolinium to ceria which not only increases its
ionic conductivity but also causes sintering to happen at lower temperature [51].
Following from force and mechanism of sintering, the mass diffusions are accelerat-

ed in below mentioned two ways [52].
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2.1.4.1 By increasing driving force

Changes in interfacial properties such as higher surface energy or lower grain
boundary energies may induce higher driving forces. Milling [43], dopant addition
[48,49,53], choosing controlled temperature-time profile [54], assistance of pressure

[55] etc is usually employed to stimulate the sintering process.
2.1.4.2 By increasing sintering kinetics

In other scheme, apart from directly increasing the heating rate for increased
kinetics [56], increase in defect concentration may also activate the diffusion process,
thereby, sintering. Such scenario of enhanced sintering can be achieved by some
physical treatment such as applying electric field accelerates the diffusion by Joule-
heating [56] and can also cause increased defect concentration [28]. Similarly, some
chemical treatment can do the same [57-59]. Addition of dopant also can serve for

increasing the defect centers [48].
2.2 Assisted Sintering Techniques

Assisted sintering is used to enhance the conventional sintering process in or-
der to reduce the sintering time and temperature. These techniques are enthusiasti-
cally accepted for ceramics which generally require very high processing tempera-
tures. The method employs the assistance of external parameters such as pressure,
electric field etc during conventional sintering. Brief descriptions of different assisted-

sintering techniques are given in the following sections first briefing the traditional.
2.2.1 Un-assisted Conventional Sintering

Conventional-sintering is a free sintering of powder compact kept in a furnace
which is heated with a constant rate, isothermal hold is given as per requirement.
Sintering happens by the ionic-diffusion generally through defects when thermal
energy is sufficiently available. Therefore, particle size, purity of powder, time, tem-

perature, heating rate etc. control the sintering process.
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2.2.2 Pressure Assisted Sintering

Sintering can be activated by applying a pressure, high enough to interact with
or affect the contact pressure between particles. Such pressure enhances the
densifying mechanism by increasing the driving force for the sintering, so the effect
of the non-densifying mechanism is reduced. As a result, densification rate is en-
hanced greatly relative to the coarsening rate resulting in to the attainment of high
density and fine grain size. Under high pressure, these factors lead to the reduction
of sintering temperature as low as half of the melting point. Depending on the amount
of applied pressure, assisted sintering is termed as hot pressing and sinter-forging
(20-40 MPa) [60,61], hot iso-static pressing (200-300 MPa) [44] and high pressure
assisted sintering (2-8 GPa) [62-65]. In hot pressing, the pressure is applied by uni-
axial load on the powder compact placed in a die; sinterforging uses the same load-
ing concept with the difference that it has lateral edges free which helps eliminate
porosity and packing defects. In hot iso-static technique, pressure is applied iso-
statically by means of a gas which makes it a costly technique. High pressure system
uses die-press concept, employing load over smaller area sample to produce high
pressure. Sample is usually placed in a pressure transmitting medium such as Ar
gas, In, Pb and NaCl [65] etc in order to homogenize the pressure. Heating, if re-
quired, is mostly provided by laser or electric current through graphite die depending
upon the type of HP cell. The sample diameter in this case could be as small as 0.2
mm (in the range of 0.2-5 mm). Hot pressing, sinter-forging and high pressure is
commonly used for simple shape samples. For complex shapes iso-static pressing is

the option.

One nice usage of pressure assisted technique is in production of y- phase of
Al203. The y-Al203 is one of the transition aluminas widely used in technology, in the
form of powder or thin film, as adsorbents, catalysts or catalysts carriers, coatings,
and soft abrasives because of their fine particle size, high surface area, and catalytic
activity [66]. It is difficult to produce due to phase transformation sequences that

occur during the conventional sintering process at ambient pressure: y(750°C) —
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6(900°C) — B©(> 1000°C) — a. The use of the HP technique provides the

means to overcome this difficulty.

The effect of HP assistance (5-7 GPa for 1-15 min) on microstructure of alumi-
na sample is reported [63]. An intensive grain coarsening is observed in 15 min of
time, for change of pressure from 5 to 7 GPa. Conversely, under 7 GPa decreasing
time from 15 to 1 min showed homogeneously grown microstructure with smaller
grains. Alumina samples produced at 1000°C confirmed the strong effect of high
pressure in controlling the microstructure and, significant difference in processing

parameters [63].

2.2.3 Electromagnetic-field (Microwave/UV) Assisted Sintering

In electromagnetic field such as microwave-assisted sintering, energy is directly
transferred to the material through the interaction of microwaves with molecules.
Such interaction in dielectric materials gives rise to the formation of electric dipoles
which in response to variations of electric field change their orientation rapidly and
result to the heating. It is unlike to the energy in conventional thermal processing
where it is transferred to the materials through convection, conduction, and radiation
of heat from the surface. Microwave processing can achieve the rapid and uniform
heating of materials, and can also be utilized for the selective heating. The molecular
structure affects the ability of microwaves to interact with materials, so, if a sample is
combined with several materials having different dielectric properties, the micro-
waves will selectively couple with a high loss material. Therefore, it may be possible
to process multiple phase materials with new or unique micro structures by micro-
wave processing. A dense material with improved microstructure of smaller grain
size can be obtained by microwave processing in a much shorter time due to higher

heating rate and shorter sintering cycles compared to the conventional processes.

Sintering set-up mostly employs commonly used microwave oven operating at
frequency of 2.45 GHz with typical power of 500 W to 1.5 kW. Sample is usually
placed on a microwave absorber to improve the heating of the materials such as

alumina, zircon which are poor microwave absorber at room temperature. In order to
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record specimen temperature, a platinum/rhodium thermocouple is inserted in the
chamber, encased in metal sheathes and designed such that they do not interact
with the microwave field; in other scheme, a pyrometer is focused directly over the

sample for temperature.

The effectiveness of microwave for sintering is shown via the microstructure of
aluminum borate samples sintered by microwave assistance [67]. Aluminum borate
samples are shown to have straight morphologies with the average lengths ranging
from 300-400 nm in conventional sintering and 2.5- 5 uym in microwave sintering,
both with average diameters below 100 nm. The microwave samples retained the
original morphology of the AlsB209 nano-rods and is more homogeneously grown
compared to conventional sample produced at the same sintering temperature; in the
conventional sample, some of the rods have outgrowth morphology. The results
showed potential of microwave heating in substantially accelerating the sintering
process and allowing for highly densified solidification by eliminating the pores and

increasing the shrinkage rate.
2.2.4 Electric field Assisted Sintering

2.2.4.1 High Electric-field Assisted (Electric discharge compac-
tion-EDC) and High Current Assisted (spark plasma sintering-
SPS)

In electric field assisted sintering, generally there are two parameters to work
with, current and voltage or field. In some application, a very high voltage is used to
draw heating by a single electrical discharge, and at other place, large current is

used to generate sufficient energy.

High electric field assisted, EDC technique is mostly used for producing nano-
crystalline bulk solid sample with densities close to theoretical [68]. Schematic of
EDC setup is shown in Fig. 2.5(a). The principle of EDC is to discharge a high-
voltage (up to 30 kV), high-density current (10 kA/cm?2) pulse (for less than 500 us)

from a capacitor bank through the powders under external pressure, resulting in a
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temperature rise of more than 2500 K; instantaneously to weld nano-crystalline pow-
ders together. This discharge time is long enough for densification, yet too short for
extensive grain growth. Advantages of the technique are short sintering time (less
than one second), no need for controlled atmosphere even during sintering of highly

reactive materials such as titanium, the ability to obtain nano-crystalline materials.
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Figure 2.5: Schematic of a) electric discharge compaction and b) spark plasma sintering set-up

In other case, current is majorly used for providing heat for sintering/formation.
The consolidation process mainly consists of two stages: an initial activation through
the application of a voltage, and the subsequent heating and densification by using
DC current. A typical heating for sintering is achieved by the application of a low
voltage (approximately 10 V) and 600-1000 A current. The sintering in such case is
suggested to occur by local Joule heating, melting or plasma formation at the parti-
cle-particle contacts. With the initial presumption of local plasma formation, the tech-
nique is better or also known as spark plasma sintering. However, till date, there is
no conclusive evidence for the effect of a plasma generation/melting in SPS. The
technique is more versatile as a range of materials, metal, ceramics and composites
with conductive, non-conductive and insulating behaviors are shown treated using
SPS. The clear benefit of SPS is the significant savings of time and energy and the
ability to retain nanostructures as a result of fast heating. The equipment consists of
a mechanical device capable of applying uniaxial pressure and electrical components
to apply current and voltages. The powder materials are directly stacked without any

additives between the die and punch on the sintering stage in the chamber between
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the graphite electrodes. The pressure is usually limited to <100 MPa. The system is
equipped with controlled environment. A rapid heating is achieved by applying and
electrical discharge of typical values between 10-15 V and 1000A. The powders are
mainly heated by Joule effect. This effect heats the conductive sample directly, but

non conductive sample are heated up by heat transfer from die and plungers.

The effect of heating rate on Alumina samples produced by this technique is
reported [69]. A high heating rate resulted into significantly smaller grains, as it did
not allow surface diffusion to coarsen the grains at low temperature, it quickly takes

the powder to higher temperature where sintering is predominant [69].
2.2.4.2 Flash and FAST Sintering

Flash-sintering is a branch of electric field assisted sintering observed with ce-
ramic materials (so far) having semiconducting trend of conductivity. Specialty of in
flash-sintering lies in that, the material undergoes a large conductivity change in a
couple of seconds, subsequent Joule heating, and sintering in further few more se-

conds [22,70]. Such fast heating-sintering effect comes by the inherent property of
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Figure 2.6: Schematic of flash-sintering set-up

materials when the applied field is greater than a threshold value and not forcefully

because of high voltage electrical discharge as in EDC [71] or by a huge amount of
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current as in SPS [52]. Therefore, the sintering effect, Joule heating or any other, if
there, is developed all of a sudden by the property of material, at a right combination
of electric field and temperature. For example, electrically conductive MnCo204 re-
quires a minimum of (5 V/icm, 450°C) [22,27], weakly conductive 8YSZ needs (24-30
Vicm, 1000°C) [20,70] and insulating MgO-doped Al20s demands 500-750 V/cm
[24]. If the field, lower than this threshold value is applied across the green sample,

0vem™, T =1188°C Pores

50 um
(fracture surface) (polished & etched)
2.5Vem™, T, =1170°C 10.0 Vem', T,  =336°C
T 7 TE T,

50 um
Figure 2.7: Microstructure of a) and b) conventionally, c) FA under 2.5 V/cm and d) flash-
sintered under 10 V/cm MnCo204 samples [27]
gradually accelerated sintering but similar to conventional behavior is observed and
such techniques is usually referred by FAST- field assisted sintering. In FAST, pro-
cessing temperature is reduced by 100-200°C [20,24] and sintering time is of same
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order whereas in flash-sintering, the processing temperature is reduced by more than
700-800°C and sintering time is of the order of seconds [20,22]. Figure 2.6 shows
the schematic of experimental arrangement used for flash-sintering. Sintering is
performed on free-standing sample which is held through two conducting electrodes
in an electrical circuit which contains power supply and other measuring devices. A
CCD camera or pyrometer is focused over sample to record shrinkage and specimen
temperature respectively. The technique employs no pressure, but may need a small

load for making proper electrical connection.

Figure 2.7 shows the microstructure of MnCo204 samples, sintered under 0, 2.5
and 10 V/cm [27]. Three values of electric field define three sintering techniques
conventional, FAST and flash, which clearly reflect the significant differences in the
processing temperatures required. In case of flash-sintering processing temperature
is reduced by more than 800°C. In order to reach the same microstructure under 2.5
Vlcm, temperature needs to reach up to 1180°C whereas for the same temperature
of 1170-1180°C conventionally sintered sample is significantly porous. Such kind of
observation for processing temperature is important for selective treatment/sintering

in multilayer structures.

2.3 Flash-sintering: State of the Art
2.3.1 The method

The fascinating method of flash-sintering is first discovered during 2010 in yttria
stabilized zirconia, 3YSZ, where shrinkage is shown to achieve almost instantly when
the applied field was 60 V/icm and higher [72]. This sintering to full density is
achieved in less than 5 s under constant field of 120 V/cm, at 850°C of furnace which
was heated with a constant rate of 10°C/min. It is shown that for fields lower than 60
Viem, the sintering is found accelerated but the order of time and temperature re-
quires is not as significant as in flash-sintering. For example under 20 V/cm, in the
same CRH experiment sintering completes at 1300°C, 100°C earlier than of conven-
tional 1400°C; the same order of time is 10-15 min lesser [72]. Also, there are previ-

ous reports on accelerated sintering [72-76] under DC/AC electric field where the
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effects are explained on the basis of retarded grain growth [73-75]. The unusual
finding of flash-sintering in 3YSZ is explained by the local Joule heating at grain
boundaries, which, on the one hand, promotes grain boundary diffusion (a kinetic
effect), while at the same time restricts grain growth (a thermodynamic effect). The
smaller grain size and the higher temperature at grain boundaries act synergistically
to enhance the rate of sintering. The results pointed to have a bearing on spark
plasma and microwave sintering. After this, another composition of zirconia, i.e.
8YSZ is examined under flash-sintering and observed to show the similar effect but
under lower electric field and temperature for being more (ionically) conductive than
3YSZ[77].

Later on the method is tested over a number of ceramic materials, listed in Ta-
ble. 2.1. It displays the threshold values (electric field, temperature) and the conduc-
tivity related information of materials. It shows conductivity dependent need of pa-
rameters for flash-sintering. The effect which starts with a rapid increase in the con-
ductivity is observed on various types of conduction properties materials such as
electronic/ionic, largely/weakly-conducting; all with a common feature that these have
a tendency of increasing conductivity with temperature [20,25,27]. Most of them are
non-stiochiometric oxides, with recent observation of the flash-sintering on non-oxide
SiC [26].

Table 2.1: Flash-sintering parameters of materials along with their conductivity

Material Threshold Field  Threshold Temperature
Vicm °C
3YSZ[72] 30 1150
8YSZ [20] 60 1025
MnCo204[27] 5 450
MgO dopedAl>03 [24] 500 1320
SrTiO3[40] 500 900
GDC10[78] 20 1100
SiC [26] 50 1670
TiO2 [25] 250 820

Hyroxyapatite - -

Gd- doped BaCe0s[79]

2.3.2 Electrical and Sintering Behavior
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2.3.2.1 Threshold Electric field, Temperature and Power dissipa-

tion

First data for flash-sintering is in the form of power dissipation and shrinkage

against furnace temperature in constant rate of heating (CRH) experiment [20,22]

and against time in isothermal experiment [80]. In the CRH experiment, a constant

voltage is applied across the sample kept in a furnace which is heated with a con-

stant rate. Electric field across and current density though the specimen is recorded.
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Figure 2.8: Power Dissipation and shrinkage as a function of furnace temperature during flash-
sintering of MnC0204[27]

25



Power dissipation is calculated from the multiplication of the two and is plotted
against temperature which is manually noted from the furnace display bar or record-
ed automatically using thermocouple measurement device. Sintering, in free standing
sample, is evaluated by linear shrinkage using a CCD camera. Such graphs for
MnCo204 are shown in Fig. 2.8. The left figure shows initial smooth growth in power
dissipation with temperature for gradual increase in the conductivity; at certain tem-
perature, this increase becomes rapid giving sign of flash-sintering as shown in Fig.
2.8(b) by vertical lines. The graphs of power dissipation and shrinkage clearly differ-
entiates two regimes of electric field effect, FAST where the changes are smooth,
and other flash where changes are instant, observable by vertical line. The field and
the temperature at the transition of these two behaviors are termed as threshold field
and temperature for that material (mentioned in Table. 2.1). For each material de-
pending on the conductivity, a particular combination of temperature and electric field
is required to see flash-sintering. For example, YSZ is shown to be sintered under
60-150 V/cm, at 750-1100°C [20] whereas for MnCo204 the parameters are 7-12
Viem with 250-450°C [27].

A nice work for the evaluation of critical parameters came by giving a mathe-

matical relation between electric field and temperature [70]. In the work, Zirconia was
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Figure 2.9: Log-log plot of onset temperature for flash-sintering as function of electric field [70]
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sintered by applying electric fields ranging from 30 V/em to 2.5 kV/cm and was plot-
ted against onset temperature as shown in Fig. 2.9. The data was found in agree-

ment from the previously reported results of smaller field values [20]. A relation of

Tonset = 2440E /585 was developed using the fitting methods. Using the fitted
curve, the FAST to flash transition field is determined graphically to be 24.5 Viem
which is close to the reported 30 V/cm [20]. This way acceptability and applicability of
the proposed relation is confirmed.
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Figure 2.10: Arrhenius type plot of power dissipation with temperature showing threshold
power level [70]

Apart from electric field and temperature, a threshold in the power dissipation is
also observed. Sample enters into flash-effect at the development of certain power
level. The value of this minimum power dissipation remains invariable with respect to
the field. In Fig. 2.8(a) MnCo204 shows the flash effect at ~10 mW/mm3 for all the
field values higher than threshold. In case of 8YSZ, almost similar value is observed
for the threshold [77]. The invariability of such observation is strengthened when the
electric field for YSZ was increased to 2.25 kV/cm from nominal 100-150 V/cm (Fig.
2.10) and for all the threshold power dissipation was found to be in the range of 1-10
mW/mm3 [70]. Such invariability is seen with different materials and was found not
very different from that of each other, e.g. the threshold power dissipation of compar-
atively conducting MnCo204 [22,27] and insulating MgO doped alumina [24] lies
close to 10 mW/mm3 only.
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2.3.2.2 Importance of Current and Power dissipation

It is mentioned at several places that for the onset of fast-effect, electric field is
important but for density, current is a more determining parameter. The importance
of current density for shrinkage is shown in Fig. 2.11(a) for 3YSZ at a particular elec-
tric field of 100 V/em, where a series of density level is produced upon systematically
increasing the current density from 20-100 mA/mm2[80]. In the Fig. 2.11(b), the level
of shrinkage is shown to increase or saturate with time under the same current densi-
ties. The two plots clearly suggest the importance of current in controlling the density

which might be related with the specimen temperature.
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Figure 2.11: Plot of relative density as function of time for different current densities [80].

Table 2.2: The highest current and the corresponding voltage measured in the flash-sintering
experiment of MnC0204[27]
Applied Field Maximum Current ~ Maximum Power Dissipation

Vicm A/mm? W
125 9.7 243
10 7.54 151
75 6.67 100
5.0 448 45
25 248 12

0.25 0.25 0.125

In another scenario, power dissipation is emphasized not to be as valuable as
current density. In case of conducting samples, as for MnCo204 shown in Table 2.2
the power dissipation is reported to be very high which cannot account for the actual
sintering temperatures (measured by pyrometer) if calculated from black body rela-
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tion [22,27]. These experiments were performed without any control on current, but
there is no report for excessive heating or melting of samples [27]. In case of 8YSZ, it
is reported that after passing the critical power dissipation, current density becomes
a more important factor in controlling the densification rather than power density [70].
Table 2.3 lists the power data for sample sintered under different electric field and
utilizing two set of current densities, mA for 60-140 V/cm 650 and 120 mA for 350-
2250 V/cm, over same sample dimension. Even with power densities as high as 5.2
W/mm3, shrinkage did not exceed 10%. However, samples sintered with smaller
electric fields, but with higher current densities had shrinkages up to 28.1% despite
the maximum power dissipation being only 257.7 mW/mm3. In other reports also, the
importance of current is expressed by level of density calculation. As like electric
field temperature and power dissipation which are important for onset of flash-
sintering effect, a critical value of current density is required to ensure full sintering

and plays an important role in matter transport.

Table 2.3: Applied electric field, onset temperature, linear shrinkage and maximum power
dissipation of 8YSZ [70]

Applied Field Onset Temperature Linear Shrinkage Maximum Power
Viem °C % Dissipation
mW/mm?
60 960 -28.1 257.7
140 768 247 113.6
350 629 -11.8 827.1
950 508 -10.0 105.9
1425 467 9.7 374.8
2250 390 -85 5285

These discussions were mostly based on sintering under constant electric field
and varying temperature. Sintering experiment can be performed by working with
parameters in other ways such as by keeping the temperature and voltage constant,
or by keeping the temperature constant and increasing the voltage. In all such cases

only the form of electric data will be different.

2.3.3 Flash-sintering Effect Analysis

The effect includes rapid increase in the conductivity represented by power dis-

sipation data, Joule heating and thereby sintering close to full density in a very short
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period of time. The possible reason for such fast sintering effect is suggested to be
Joule heating at grain boundaries, Frenkel defect formation, space charge formation
at the grain boundaries which can interact with external electric field etc. The follow-

ing section will put forward different observations regarding such fast-effect.

2.3.3.1 Estimate of Local Temperature

2.3.3.1.1 Specimen Temperature

The flash-effect starts with sharp increase in the conductivity at remarkably low
furnace temperature which causes to heat the sample up by Joule effect. Therefore,
there are two kinds of temperature that needs to be reported, furnace and the local
temperature while discussing flash-sintering-effect. The local specimen temperature
is measured experimentally using a pyrometer or estimated using black body relation
(eg. 1) from steady state power dissipation. A result of pyrometric measurement in
flash-sinterforging experiment of zirconia has been shown in Fig. 2.12. It shows that

the furnace temperature and the specimen temperature agree perfectly until the
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Figure 2.12: Power dissipation and specimen temperature as function of temperature [21].

onset of power surge. The peak like appearance of power dissipation is because
power supply turned from voltage control to current control, such setting has been
done to avoid thermal runway. After the peak, the voltage starts dropping for any

increase in the conductivity, so the power dissipation. Following power dissipation,
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specimen temperature begins to overtake the furnace temperature, attains a steady
state. The difference of the two temperatures is almost 200°C. Sintering for 8YSZ is
reported to occur in the stabilization region of power dissipation and specimen tem-

perature. The full sintering experiment does not take more than 10-20 s.

The specimen temperature is also estimated from the black body relation
E = oT*, where E is the heat radiated from the body per unit area, ¢ = 5.67 X
1078 W/m?2.K* is a universal constant and T'(K) is the temperature. The speci-
men temperature T is calculated by equating the steady state power dissipation

under electric field to the heat radiated through the body by the relation,

W = cAT* (2.8)
wl/4
T =18+ (2.9)
T _ [1+1000WV(mem‘3) K( ) ]1/4 W _w 210
¢ oT¢ 7 mm TV Ty (2.10)

where W is power dissipation in watts, T,, ambient furnace temperature, W, is the
power dissipation calculated in mW/mm?3. The results of such a calculation are pre-
sented in Fig. 2.13 for volume to area ratios of 0.5 and 0.75 mm assuming the emis-
sivity of 1. The calculation considers different values of power dissipation (200-1000
mW/mm3) and furnace temperature (700-1800°C) for each V/A. Using these maps,
the required power dissipation in order to reach a certain temperature can be calcu-
lated. E.g. if the furnace is at 1100°C, then in order to reach a specimen tempera-
ture of 1450°C for a sample with V/A=0.5 mm power density of 600 m\W/mm3 and for
V/A=0.75, 410 mW/mm3 is required. From the calculation is also clear that, for de-
creasing the furnace temperature, from 1100—900—700°C (the case of conducting
sample), to reach the same specimen temperature of 1450°C higher power dissipa-
tion of 600—800—900 mW/mm?3 for V/A=0.5 is required. It also suggest that in case
of conducting samples such as MnCo20s, for which flash-sintering effect occurs at
very low furnace temperature require comparatively higher value of power dissipation

in order to reach the same specimen temperature because of high heat capacity (the
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Figure 2.13: Maps for estimating specimen temperature from fumace temperature and the
power dissipation in the specimen for volume to area ratio of 0.5 and 0.75 mm [21]
property related to thermal and/or electrical conductivity), it supports the observation
of higher power dissipation values in MnC0204[22,27]. Results of specimen tempera-
ture calculation, from black body relation, of a 95% dense sample of 8YSZ with
V/A=1.0 mm at 1200°C furnace temperature, is compared with experimentally ob-
served temperature which is estimated from volumetric thermal expansion. There is a

fair agreement between the two data with a deviation of 100°C at 400 m\W/mm3.

In the Fig. 2.12 the maximum power dissipation value is reasonably high com-
pared to the steady state, almost half or less than the peak. At the initiation of insta-
bility, large increase in the energy through power dissipation is associated with the
heat capacity of the material. Initial part of the energy represented through power
spike is suggested to be absorbed by the heat capacity property of the material. The
calculation is done considering a triangular shape of the spike having width at half
maximum to be 1s. Energy dissipated as heat during this 1 s period is estimated to
be 1J/mm? for 1000 mW/mm3 power maximum. Using density of zirconia as 5.67
glem?, heat capacity 80 J/K.mol (average of 75- 85 J/K.mol) heat capacity of unit
volume came out to be 0.004 J/K.mm3 which corresponds to 250°C rise in tempera-
ture for 1J/mm3. The temperature calculated from spike-energy is far less than the
temperature observed experimentally or predicted by black body relation. This way,
whatever heat is dissipated during initial stage, all goes absorbed by the materials by

the heat capacity. The rapid increase in the conductivity heats the materials up by
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the Joule effect as shown in Fig. 2.12. Under this fast, effect sintering to full density is
sometimes achieved in <5 s [72]. The idea of local temperature for producing fully
dense specimen in such short can be made from an equation which governs the

temperature dependence of sintering rate and is given as [21],

logypmorz = L (1 - 1) (2.13)

Rate; 23R\T, T,

where T1 and T are the maximum temperatures that need to reach to attain a specif-
ic density while sintering with rates R+ and Rz in constant heating rate experiments.
From this equation an estimate of sintering temperature can be made for an approx-

imated sintering rate during flash-sintering as shown in Fig. 2.14.
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Figure 2.14: Sintering rate as function of specimen temperature [21]

It shows that if a sample conventionally sinters at 1450°C in 1h (3600 s), In or-
der to sinter it in 3.6 s, means by a rate 1000 time higher the temperature need to
reach is 1900°C. It suggest that under such fast heating as observed in flash-
sintering, the kinetic factors does not allow diffusion of ions/atoms to occur at such a
fast rate that sintering can be achieved in less than a minute of time. And in order to
achieve equivalent degree of sintering, temperature required is very high which is on
contrary to the temperature observed in flash-sintering. So from here, it is not just the
Joule heating and thermal effect that causes sudden densification but some addi-

tional factors are involved.
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Flash-sintering: ‘It is not just the rapid heating by Joule-effect’
2.3.3.1.2 Grain-boundary Temperature

Another possible reason for quick sintering is suggested to be resistive heating
at grain boundaries. High temperature at these grain boundaries can affect the grain
boundary diffusion and the sintering. It can be calculated from the sintering rate
equation given below [72],

p =40 i (2.44)
where A is a material constant, Q is the activation energy for self-diffusion at grain
boundaries, f(p) is a function of the density, T is the temperature in K, and d is the
grain size. The grain size exponent of 4 applies to boundary diffusion-dominated
mass transport. The equation can be applied to zirconia where sintering is assumed
to occur by the dominance of grain boundary mechanism (lattice/volume diffusion is
dominant in large grain size materials). If p, is the densification under zero applied
field at temperature Ty, and pe is the densification measured under an applied field.
The grain boundary temperature is calculated by using the above relation as,

(82 =22 -2) 2

PoTo T To

where both the densification rates are to be measured at the same relative density,
and the densities should be under the constant grain size, which is possible when the
pores remain interconnected. Result of grain boundary temperature calculation of
8YSZ for densities in the range of 60-75% considering activation energy for grain
boundary diffusion to be Q= 720 kJ/mol [48] is shown in Fig. 2.15. The status of
furnace temperature for FAST and flash event are shown in left figure where the
FAST samples are produced at different furnace temperatures for different densities
whereas under flash-sintering, the same is taken to be achieved at same tempera-
tures. From Fig. 2.26(a), the estimated grain-boundary temperatures for zero field or
20 V/em which belongs to the FAST is close to the furnace temperature. Conversely
for flash-sintered samples, the difference of grain boundary temperature from furnace
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Figure 2.15: Furnace temperature and difference between the furnace temperature and esti-
mated grain boundary temperature under different applied electric fields [77]
temperature is as high as 800°C under 160 V/cm [77]. The grain boundary tempera-
ture is significantly higher than the specimen temperature, estimated from black body
relation shown in Fig. 2.12 and 2.13. Such local concentration of energy at the grain

boundaries can be the reason for enhanced sintering.

2.3.3.2 Microstructure and Grain-growth

The interest towards finding the cause of enhanced sintering rate investigates
the micro-structural evolution of materials under electric field assisted FAST and
flash-sintering. The two techniques are distinct from each other on sintering rates. In
the FAST process, there a gradual increase in the sintering rate with applied electric
field, and in flash sintering, sintering occurs almost instantaneously with the field,
above a threshold value and at remarkably low temperatures. The increased sinter-
ing rate in case of FAST is due to retarded grain growth [76] and follows from the
well established fact that the sintering rates are highly sensitive to grain size. The
equation for grain size dependent sintering rate is given in eq. 2.16. Under compara-
ble sintering rates as observed in FAST, at a constant density, grain size can be
related with the temperature by the equation, where temperature dependence of

temperature is determined by the exponential factor,
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where dy and d, are the grain sizes with and without the electric fields at the same
densification rate, and same density; these correspond to T and T, temperatures,
respectively. The above equation is applied to sintering data, with and without elec-
tric field, of 3YSZ assuming Q =500 kJ/mol. Figure 2.16 shows the sintering curve
for 0 and 20 V/cm, the horizontal at a density level of 0.73 (sintering rates are nearly
equal) helps giving the value of Tz =1473 K and T, =1548 K. Using eq. 2.16, the
grain size ratio is calculated and shown in the Fig. 2.17. It shows that with the in-
crease of the electric field grain size continuously goes down, providing support to
the concept that the enhanced sintering is a result of the finer grain size. Following
from FAST concept of grain size dependent sintering, the instant flash-sintering, at
the first, is expected to drive in the similar way from the retarded grain growth. How-
ever, the grain size of the 3YSZ sample that was flash sintered at 850°C was meas-
ured to be 150 nm, confirmed by TEM, not remarkably different from the grain size of
the FAST sintered sample [72]. Larger grain size in flash-sintering is reported for
MnCo204 [27]. In case of alumina, conventionally sintered specimen (1550°C for 1 h)

had an average grain size of 1.9 um, while the flash-sintered specimen (1260°C
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Figure 2.16: Densification rate as function of temperature [76]
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under 1000 V/cm) had a smaller grain size of 0.8 um [24]. A consistent decrease in
the grain size with electric field is observed for GDC samples [78]; the result is ex-
pected as to be the result of Joule heating which raises the specimen temperature
and the heating rate. Comparing the different results on grain growth of materials
under electric field, it does not lead to the ultimate conclusion that the enhanced

sintering is because of higher rate of heating and retarded grain growth.

2.3.3.3 Electrical conductivity

MgO-doped Alumina
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Figure 2.18: Arrhenius type conductivity curves for pure and MgO doped alumina [24]

The flash-sintering-effect initiated with rapid increase in the conductivity is in-
vestigated in alumina by observing the |-V behavior on dense specimens by applying

electric fields of the range that is needed for flash-sintering (up to 1000°C). I-V char-
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acteristics of pure and MgO doped alumina is reported at different temperatures,
900-1400°C. These graphs are linear up to 500 V/cm in case of pure alumina; small
non-linearity at higher fields is associated with Joule heating. Using the same data,
the conductivity is calculated and presented in Fig. 2.18(a) as functions of tempera-
ture under different electric fields. The conductivity curves are observed to be over-
lapped for all the fields, with small deviation at higher values. Activation energy is
calculated from Arrhenius plot and is found to be in the range of 150-207 kJ/mol [24].
This low value of activation energy precluded the possibility of any ionic diffusion.

Conversely, similar I-V graphs of MgO doped alumina shows strong non-
linearity at fields higher than 250 V/cm. This non-linearity appeared almost at the
same electric field, regardless of the temperature. The conductivities measured un-
der different fields are found shifted to upwards (Fig. 2.18(b)), higher conductivity for
higher field and suggesting larger increase in the conductivity under electric field.
The slopes are independent of temperature. The activation energy calculated from

the slope matches closely with that of pure alumina. Since Q in the equation

Q
o = Ae rr reflects the activation barrier for the mobility of the charged defects,
while the pre-exponential A is related to the concentration of the defects, it is inferred
that the field has the effect of increasing the concentration of defects in MgO doped

alumina which is more pronounced at higher electric fields. This increase in conducti-
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Figure 2.19: Cyclic current voltage response upon the application of field controlled cycles of
increasing amplitude [24]
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-vity is associated with the generation of defects under high electric field. In order to
have some insight, the electric field is applied in steps up to a maximum and then
traversed back following the same. Figure 2.19 shows the current field behavior of
the MgO doped alumina while the field is raised to 300, 650 and 750 V/cm with a
changing rate of 30 V/s and rest period of 30 s. The behavior is linear and reversible
when the amplitude was held up to 300 V/cm. A hysteretic behavior is observed for
the field of 600 V/cm. Under 750 V/cm a similar behavior, though more pronounced,
is seen. Such remanence of the conductivity is suggested to come from defects
nucleation at higher electric fields and which got survived when the field is brought
down. The idea of Joule heating is discarded because of quite abrupt reversible (300
V/cm) to hysteretic transition (600 and 750 V/cm).
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Figure 2.20: Arrhenius plot for the specific resistivity of 8YSZ as a function of temperature [21]

One more discussion about conductivity is with 8YSZ [21]. The resistivity of
8YSZ under different electric fields is plotted against specimen temperature calculat-
ed from thermal expansion and is shown in Fig. 2.20. An increase factor of 2.5 is
reported for the temperature increase from 1275°C to 1700°C. From the plot activa-
tion energy is calculated to be 0.46 eV. It is suggested that in flash-regime the mate-
rial behaves like a semiconductor with a small band gap. The conductivity of YSZ

under flash-conditions, as discussed above, is suggested to be electronic, rather
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than ionic. Implication is made as: the diffusion energy of oxygen ion is higher than
0.46 eV. Though it decreases with the increase of yttria content and the temperature,
the lowest it can not achieve lower than the value for hopping energy for oxygen
ions, which has been calculated to be 0.63 eV. Other support is from the observation

of no-reduction of Zirconia into zirconium metal.

2.3.4 Widely Suggested Mechanisms

The effect of quick sintering is extensively suggested to occur by increased ki-
netics, and not by the change in barrier height of ionic diffusion (activation energy of
sintering). Therefore, increased conductivity and rapid sintering is believed to occur
by the formation of defects (e.g. Frenkel pair). In support of this, the hysteretic be-
havior in the conductivity of MgO doped alumina is associated with the increased
concentration of defects [24]. The high concentration of defects in electric field treat-
ed MgO is correlated with flash-sintering phenomenon [28]. MgO samples treated
with higher fields (>1000 V/cm) at high temperatures (>1000°C) showed the pres-
ence of vacancy concentrations over two orders of magnitude, some interstitials, and
high density of impurity precipitates. It is suggested that these defects interact with
elastic and electronic fields of dislocations and grain boundaries, and this defect
segregation enhances the mobility of dislocations and increases diffusion along
dislocations and grain boundaries. At higher fields, ionic and electronic conduction
can lead to an avalanche, where grain boundaries are selectively heated to melting

which leads to flash-sintering.

Defect structure analysis on flash-sintered SrTiOs sample is reported using ul-
trafast optical microscopy, XRD and HRTEM [40]. These are shown to have some
grains having irregularly placed line features in HRTEM,; these defects are associat-
ed with the local deviations and with the formation of secondary phase. The results
are correlated with the structural distortions in stoichiometric SrTiO3 under an applied
electric field and explained by the ordering of oxygen vacancies and electro-
migration of SrO ion complexes. Flash-sintering is suggested to be enhanced

through these ionic migrations. In zirconia, a kind of reduction reaction under similar
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range of electric field as in flash-sintering leads to blackening effect [81-83]; fast

sintering effect is suggested to be mediated by the same reduction reaction [81].

Overall, the formation of defects is widely raised/discussed possible cause for
enhanced sintering in ceramics. However, the mechanism of defect formation might
be different in different materials. Looking at the flash-sintering of different oxides, it
might have been associated with oxygen stiochiometry, as discussed with strontium
titanate and zirconia, but the recent observation of flash-sintering on non-oxide SiC
[26] open a new opportunity and also a challenge for understanding the sintering

mechanism in ceramics.

2.3.5 Development in Flash-sintering Experiments

2.3.5.1 Flash-sintering of Multilayer
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Figure 2.21: a) Shrinkage as a function of furnace temperature and b) SEM micrographs of

anode-electrolyte multilayer sample, with electrolyte sandwiched between two anode layers [23]

In the direction of development, flash-sintering anode electrolyte multilayer is a
nice effort [23]. The most discussed papers dealt with the dog-bone shape samples.
In this case, the sample was prepared from thermo-compressing of tape casted
layers at 75°C under pressure of 12 MPa. After this, these were cut into bar-shape
samples 20 mm long with rectangular cross section of 2.75 x 3.25 mm2. The thick-
ness of the prepared stack consisted of 2.97 mm (8 layers) of anode and 0.28mm (7
layers) of electrolyte. It was hung between two platinum wire-electrodes similar to

dog bone samples. The parameters required (temperature and electric field) for
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flash-sintering was higher than that required for sintering of electrolyte and lower
than that of anode (Fig. 2.21(a)), based on their conductivities. The cross-sectional
view of the multilayer in Fig. 2.21(b) showed well adhered layers. The electrolyte is
fully sintered with some closed porosity. Anode layers observed to be porous accord-
ing to the requirement of SOFC anode. The comparatively denser microstructure of
electrolyte layer is probably the result of its comparatively lower conductivity. There-
fore, the results showed that NiO-zirconia anode and cubic zirconia electrolyte can

be sintered below 1000°C in a few seconds.

2.3.5.2 Sintering of Composite
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Figure 2.22: a) Shrinkage of alumina-zirconia composite subjected to different electric fields as
function of temperature and b) microstructure of composite, flash-sintered under 100 V/cm [84].

Like multilayer of different compositions, composite mixture of alumina and zir-
conia in 50-50 volume% is sintered to almost full-density under the effect of electric
field. Composite requires electric fields in the range of what required for zirconia but
flash occurs at comparatively higher temperature. Pure alumina which resists flash-
sintering at fields up to 1000 V/cm exhibits this behavior in case of composite at low
fields. Between FAST and flash, a hybrid behavior of sintering is shown where a
FAST-like sintering is followed with flash-like behavior. Microstructure of the compo-
site produced under 100 V/cm is shown to reach a density of ~ 97% of theoretical in
Fig. 2.22(b). The dark portions represent alumina phase and white ones are zirconia.
Sintering effects are observed to be homogeneous from the uniformly distributed

grains. The rate of grain growth during the hold time after flash-effect is calculated, it
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shows higher rate of growth under the flash-sintering compared to that by the con-

ventional procedure.

2.3.5.3 Sintering of Circular SOFC cell

Another effort in the experimental arrangement for electric field assisted sinter-
ing of Yttria-stabilized zirconia (YSZ) electrolyte thin film. It is not exactly flash-
sintering but the experimental-arrangement seems worth for discussion. In the ar-
rangement, anode-electrolyte tape-casted layer is pre-sintered at 1300°C for 2h to
remove binder and to give a mechanical strength. This structure is placed over an
alumina tube and fixed with silver adhesive (Fig. 2.23). LSM cathode is deposited by
screen printing followed with silver paste as other electrode for electrical connection.
During the electric field application, current flows from central portion to outward
direction. A voltage of 16V was applied while the furnace was heated with 5°C/min.
The microstructure of different stages of the electrolyte showed that with the assis-
tance of electric field a dense electrolyte layer can be prepared in shorter time. The
grains were observed to be of smaller size than those produced with conventional-

sintering.

Figure 2.23: Schematic of the sample arrangement
2.4 Solid Oxide Fuel Cell (SOFC)

SOFC is an energy conversion device which produces electricity directly from a
chemical reaction. It consists of two electrodes where the electrochemical reactions
take place and an electrolyte which joins the two electrodes and transports oxygen
from cathode to anode side. Hydrogen is used as the basic fuel and oxygen is need-

ed to complete the reaction. All the three components are solid ceramic oxides and
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arranged in the way shown in Fig. 2.24 and the involving reactions are presented in
Fig. 2.25. Reaction starts at cathode where electron from outer circuit combines with
oxygen and reduces it into oxygen ion. These are transported at the electrode anode
interface through electrolyte and combines with hydrogen to release electrons. The
basic requirements about these electrodes on the basis of their functions are briefly

mentioned below.

Cathode: This electrode faces the oxidizing atmosphere and creates an environment
for oxygen reduction, utilizing electron from outer circuit. The reaction takes place
catalytically at the triple phase boundary (vacuum, cathode and electrolyte). For this
reason, electrode is made porous to allow gas flow to electrolyte, should possesses
some ionic conductivity as well to increase the TPB area. LSM is the widely used
cathode in intermediate temperature-SOFC. Sometimes a composite with ion con-

ducting phase such as YSZ or GDC is preferred.

Current Flow

Interconnect

Cathode

Electrolyte

Fuel m——) Anode
4 Air
Interconnect
Cell Repeat
Unit

Figure 2.24: Schematic of component arrangement in planar SOFC

Figure 2.25: Operating concept of a SOFC
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Anode: This is the electrode where hydrogen fuel enters. Therefore it should be
stable in reducing atmosphere. Like cathode, the reaction preferably occurs at anode
electrolyte interface. Anode should be porous to allow fuel to reach to the interface
and should possess ionic and electronic conductivity. Ni based anode is preferred
and to match with thermal expansion coefficient and providing ionic conductivity a

composite with YSZ is widely applied for anode.

Electrolyte: In order to stop the interference between direct oxygen and hydrogen
reaction, a dense electrolyte layer is inserted between the two. Electrolyte should be
ion-conducting as it has to allow oxygen ion to pass through, and with no electronic
conductivity because electrons is for ionizing oxygen at cathode electrolyte interface.

It should also be as thin as possible to minimize resistive losses in the cell.

Interconnect and coating: Interconnect takes the electron generated in the electro-
chemical reaction and allow to flow through the rest of the circuit and back to cath-
ode. It should possess therefore high electrical conductivity and for the same reason
metal is the first choice for Intermediate and low temperature SOFC. A coating is
needed to protect the cell from Cr-poisoning and to metal from high temperature

oxidation. Mostly Mn-Co based spinels are employed.

2.5 Manganese Cobaltite (Mn, Co)Os

Mixed oxides of cobalt and manganese with a spinel structure are a key com-
pound in the field of electronics (as negative temperature coefficient thermistors [85—
87] in microelectronic), electro catalysis (for the oxidation of NO and CO [88,89],
reduction of oxygen [90], and nitrogen oxide [91]), magnetic sensor [92-94] and
energy (protective coating [29] in SOFC due to electrical characteristics). Other
benefits are element abundance and low cost. Out of many applications, its use and

development for protective coating application is discussed in further sections.

2.5.1 Application as Interconnect Coating in SOFC: MnCo0,04

High temperature-SOFC interconnect material lanthanum chromate was con-

sidered as the first option for coating on metallic Crofer [95,96]. Later on diffusion of
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Cr towards the cell led to Cr-poisoning and degradation of cell performance [32].
Therefore in the search for material with no-Cr or least Cr-diffusion, number of ce-
ramic oxides specially, spinel and perovskite were examined for their high conductivi-
ty, thermal expansion coefficient (TEC) and stability with metallic interconnect and
cell's other component [33,99]. Some of the perorvskite of such study are LSCr: (La,
Sr)CrOs, LSC: (La, Sr)Co0s, LSM: (La, Sr)MnOs and LSF [97]: (La, Sr)FeOs etc and
some of the spinels are (Co, Mn)3O4, (Cu, Mn)30O4, (Mn, Cr)204, (Ni, Mn)3O4 and (Ni,
Fe)s04 etc [12,76,77]. From the conductivity and TEC match spinels were found as a
better choice. And specially, Mn-based oxide received great attention for the for-
mation of conducting spinel layers with Cr at the interface as also depicted in Fig.
2.26. Because of strong diffusion of Mn from coating into metal and also from Crofer
metal bulk (containing some % of Mn) to surface a comparatively conductive bi-layer
based on Mn, Co, Cr spinel forms at the interface. These layers protect the metal
from oxidation and the cell from Cr poisoning without deteriorating the conductivity of

interconnect-coating structure [30].

Reaction Layer Chromia
L Layer  Alloy

Coating

(IR (Mn,Co,Cr)O, (Mn,Co)Cr,0,
—

Cr+

Mn2*, Mn3*

Co?*, Co™*

LayerA LayerB

Figure 2.26: Reaction layers from reaction between (Mn, C0)304 and Cr203 [30].

In Mn-Co based oxide, a number of compositions are tested for conductivity
and thermal expansion coefficient (TEC) for match with chromia and other compo-
nents [30]. The properties of these spinels for different ratios of Mn and Co are re-
ported. For the two oxides MnCo204 and Mn2CoO4 even the conductivity is similar
but there is large difference of TEC. For equally distributed concentrations, TEC was

found close to SOFC materials’ requirement of 11-12 x 106 /°C. Compositions conta-
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Figure 2.27: Temperature dependence of parabolic rate constant for reaction between
Mn15C01504 and Cr203 [30].
ining Fe and Ti also possess the requisite TEC. The importance of addition of these
elements is related with the diffusion of Cr from metal to interlayer and to the coating
(Fig. 2.27). The chromium gradient in the Cr-containing intermediate layer was
steeper with Fe and Ti doping, which suggests that the growth rate of the intermedi-
ate layer was also decreased, which would improve the long-term stability of the
interconnect and thus the cell. Also, Fe or Ti additions changes the transport proper-
ties of (Mn,Co)304 since the Co/Mn ratio in the reaction layer was still higher than that

in the original spinel, but lower than that without Fe or Ti additions.

2.5.2 Crystal Structure and Electrical Conductivity

MnCo204 possess face centered cubic normal-spinel structure with the ionic ar-
rangement as Co?*[Co%, Co®, Mn3*, Mn**]O4 [100]. The representation outside the
‘I’ shows the presence of Co is at tetrahedral site. Those within the bracket show the
presence of doubly mixed valancy of Co and Mn at the octahedral sites which con-
tinuously undergo oxidation/reduction at any temperature showing two step transfor-
mations for CoZ/Co3* and Mn3/Mn** in thermo-gravimteric data. These transfor-
mations are also responsible for the characteristic conductivity-temperature plot of
the spinel. The hopping of Co and Mn ions of octahedral site between their different
oxidation states [41] are thermally activated giving semiconducting nature of the
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conductivity. Its conductivity is reported to be in the range of 60-100 S/cm at 800°C
[9]. Conductivity of MnCo204 sample sintered to higher temperature of 1300°C is
lower than that of sintered at 1200°C. Such decrease of conductivity is associated
with some irreversibility of Co3* to Co?* transition in polaron hopping which forms Co-
O phase. This phase is semiconducting but of lower conductivity which decreases

the conductivity of the sample with sintering temperature [101].

2.6 (La, Sr)(Co, Fe)O; based Oxides

Lanthanum and transition metals based perovskites have attracted much atten-
tion due to their striking mixed ionic and electronic conductivity (MIEC) which are
easily tailor-able by the substitution of A-site La by alkaline earth metals [8,102,103]
and B-site cations by Zn [104,105], Ni [104-108] or any doubly ionized transition
metal ions [35,36,109]. These oxides are of practical interest for a wide variety of
applications in catalysis e.g. as active catalysts for oxidation or reduction of pollutant
gases [5,6], as electrode materials in solid oxide fuel cells [109] or materials for tech-
nological chemical sensors for the detection of humidity, alcohol, gases [110] etc and
as oxygen permeating membranes [111-116]. Development of promising (La, Sr)
(Co,Fe)Os (LSCF) for cathodic application in SOFC is discussed in next sections.

2.6.1  Application as SOFC cathode: (La, Sr)(Co, Fe)O3;

In the SOFC the oxide have to serve for the reduction and transportation of
gaseous oxygen to the adjacent YSZ electrolyte. (La, Sr)MnOs (LSM) is currently
state of the art cathode material for intermediate temperature SOFC (700-800°C).
The efforts for producing efficient and cost effective SOFC suggests lowering of
operating temperature to 600°C and below, and the search of materials for the lower
temperature operation, with properties that can compete with that of current state of
art SOFC materials. In this direction, Gd-doped ceria (GDC) [51] and Sr- and Mg-
doped lanthanum gallate (LSGM) are ready to replace the well-accepted YSZ solid

electrolyte due to higher ionic conductivity with lower activation energy.

Studies show that La-Co based cathode exhibits interesting electrical and elec-

tro-catalytic properties, combined with good ionic conductivity which might exceed
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the conductivity of well known ion conductor 8YSZ even [8]. With the advance of
research in this direction, LSCF based oxide with mixed ions at A and B-sites is
found to show superior properties for catalytic activity for oxygen reduction [109].The
oxygen self-diffusion coefficient of LSCF is 2.6x10-¢ cm&s at 500°C, which is superi-
or in performance to that of LSM which has a oxygen self-diffusion coefficient of 1012
cm?/s at 1000°C [109]. The measured current densities of cells consisting of Laix-
ySr«Coo.2Feos0s5 cathode, CGO electrolyte, and a NiO-YSZ anode were as high as
1.76 Alcm? at 800°C and 0.7 V, which is about twice the current density of cells with
LSM/YSZ cathodes.

(La, Sr)(Co, Fe)Os is developed for cathodic application by changing A- and B-
site elemental ratio in order to reach requisite properties of conductivities and TEC.
Table 2.4 shows the ionic and electronic conductivities of different LSCF composi-
tions. For all compositions, conductivity is higher than that of 8YSZ. lonic conductivity
in Table 2.4 increases with the increase of Sr and/or Co content. lonic conduction is
related to the concentration and mobility of oxygen vacancies which forms at higher
temperature. The vacancy concentration is estimated from stiochiometry data. The
non-stiochiometry increases with the increase of Sr content, and further with Co

content.

Table 2.4: lonic and electronic conductivity, activation energy for ionic conductivity of different
LSCF compositions [8]

Composition Conductivity (Q-cm) Activation energy for
Electronic lonic ionic conductivity (eV)
LSCF-6428 252 0.23 1.30
LSCF-4628 219 0.40 0.95
LSCF-2828 120 0.62 0.85
LSCF-2882 310 0.87 0.66

The electronic conductivity increases with the increase of Co content (Table 2.4).
The conductivity of LSCF, at any temperature, is a coupled response of oxygen
vacancy formed at A-site and polaron hopping at B-site in ABO3 perovskite type
structure [36]. The replacement of La%* at A-site by doubly ionized Sr2* brings about
the oxidation of B-site cation (Co or Fe, preferably Fe) into its higher valence state for

charge compensation and/or the formation of oxygen vacancies (p-type carrier). The
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electro-neutrality leads to following charge balance reaction, [S7;,] = [Bgl +
2[V;]. It explains that when a divalent Sr-acceptor is substituted for trivalent La,
electro-neutrality requires that the effective negative charge of the Sr-cations be
compensated by an increase in valence of some of the B-site cations (electronic
compensation) and/or the formation of oxygen vacancies (ionic compensation).
Therefore, electronic compensation results in an increase in the average valance of
the transiton metal cations, while ionic compensation reduces the oxygen
stiochiometry. It is reported that electronic compensation mostly occurs through the
oxidation of Fe, and therefore conductivity increases with the increase of Co by its
hopping activity [35,36].

TEC has comparatively higher dependence on Co than on Sr-content. In terms
of crystal structure, rhombohedral phase always has higher TEC value. There is a
significant increase in TEC with temperature which is associated with the formation
of oxygen vacancies and can be attributed to: 1) the repulsion force arising between
those mutually exposed cations when oxygen ions are extracted from the lattice, 2)
the increase in cation size due to the reduction of the Fe and Co ions from higher to

lower valences [35,36]. TEC of different composition is shown in the Table 2.5.

Table 2.5: TEC and electrical conductivity of different LSCF compositions namely Las.
«SrxCoo.2 FeosOs, x:0.0-0.4, 0.6 [36] and Lao.sSro2Co1yFe 03, x:0.0, 0.1, 0.4, 0.6, 0.8-1.0 [35]

LSCF Temp. TEC Crystal struc-  LSCF Temp. TEC
(mol)  Range (°C) (x 10 ture (mol) Range (°C) (x10-
£/°C) €/°C)

x=0.0 100-500 13.1 Ortho y=0 100-900 19.7
0.0 600-900 17.5 Ortho>rthombo 0.1 100-900 20.1
0.1 300-900 16.0 Rhombo 0.4 100-900 20.0
0.2 100-800 154 Rhombo 0.6 100-900 176
0.3 100-700 14.6 Rhombo 0.8 100-800 154
0.4 100-600 15.3 Rhombo 0.9 200-900 14.5
0.6 100-400 16.8 Rhombo 1.0 300-900 126

2.6.2  Crystal Structure and Electrical Conductivity

The LaosSro.4Feo2Feos0s is most popularly chosen for the cathode application
for it sufficiently high ionic and electronic conductivity [35-37]. It crystallizes into

rhombohedral structure where Fe and Co forms BOs octahedra in distorted cubic
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structure with A-ions sitting at the corners of cube edges with 12 co-ordination. Its
thermal expansion coefficient is reported to be close to 15.4 x 106 K-, little higher
than the requirement range £20% of that of other cell component materials. It is
made less severe by forming it A-site deficient which is observed to have lower TEC
[117].
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Figure 2.28: Electrical conductivity of LosSro4Coo2FeosOs as a function of temperature [8]

The electrical conductivity has a peculiar behavior as shown in Fig. 2.28
[74,92); it first increases with temperature up to 550°C, and then shows metallic kind
of decreasing response. The initial increase in conductivity is from B-site hopping of
polarons, mostly Co. In such hopping, the charge dis-proportionate, where (2 Co3* to
Co%* and Co*) transition (providing n- and p-type carriers) is responsible for its large
control over conductivity; Fe oxidizes mostly for balancing the electro-neutrality. After
550°C the conductivity is dominated by oxygen compensation factor as the ionic
content of materials decreases. The decrease in conductivity is associated with a
weight loss which looses p-type carrier because of the stabilization of B site cation
into lower valance state. The weight loss and decrease in conductivity is extended to
a larger range of temperature. The decrease at higher temperature is with the hop-
ping activity and stabilization of Co or Fe into lower states losing both type of carri-
ers, p- and n-type.
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Chapter llI

Experimental Methods: Materials, Equipments
and Characterizations

3.1 Materials

3.1.1 MnCo0204 and (La, Sr)(Co, Fe)O3; Powders

In the present work, commercial powders of Fe-doped MnCo204 (MCO) and
Lao.sSro.4 Coo2FensO4 (LSCF) were chosen for the study. Particle size and surface

area of powders supplied with the analyses are,

| Average Particle Size  Surface Area, cm?g
MnCo:0. ~1.17 ym 4.22
LSCF ~500-600 nm 6.00

Particle size and phase of these powders are confirmed by SEM-EDS and XRD in
preliminary characterizations, and shown in Figs. 3.1, 3.2 and 3.3. MnC0204 particles
have irregular and faceted kind of morphology with average size of 1.17 um (Fig.
3.1(a)). Energy dispersive x-ray spectra (EDS) of the powder recorded by under the
accelerating voltage of 20 kV (Fig. 3.2) shows excitation peaks of Mn, Co and Fe
placed between 5.5-8.0 keV. The wt% of each element observed from EDS quantita-
tive measurement matches closely with the calculated concentrations, Mn: 31.85
wt%, C0:64.92 wt%, Fe:4.24 wt% (atomic weights of Mn: 54.94,Co: 58.93, Fe: 55.85)
in MnCo1.9Feo.1 composition. XRD peak positions and relative intensities of Fig. 3.2,
matches with JCPDS file number 023-1237 and that of MnCo204 reported in [9]
confirming the manganese cobaltite cubic spinel phase. On the other side, LSCF has
smaller and spherical particles with average size of 500-600 nm (Fig. 3.1(b)). EDS
spectra and elemental concentration (Fig. 3.3) closely matches with calculated con-
centrations of La: 47.67, Sr: 20.04, Fe: 25.55, Co: 6.74 wt% (atomic weights of La:
138.91, Sr: 87.62,Co: 58.93) in Lao.sSro.4Coo.2Feo.s composition. XRD pattern for peak
position and relative peak intensities represents the rhmobohedral perovskite phase
closely matched with the peaks from JCPDS file number 049-0285 (Fig. 3.3).
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Figure 3.1: Microstructure of as-received a) Fe-doped MnCo04 and b) LSCF powders
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Figure 3.2: EDS spectrum with elemental concentration and XRD pattern of as-received Fe-

doped MnCo204 powder
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3.1.2 Binder

B-1000 (DURAMAX) organic based binder was used in order to provide suffi-
cient strength to powder compacts for sintering experiments. B-1000 is an aqueous
emulsion with 55% of solid binder having glass transition temperature -26°C. Its
degradation starts at 300°C and complete removal occurs up to 600°C at the heating
rate of 20°C/min. A minimal amount of ~3 weight % was chosen for making pellets

with sufficient green density and handle-ability.

3.2 Sample Preparation

Powders were mixed homogeneously with 3 wt% B-1000 binder in aqueous
media using agate-mortar and dried at 90°C overnight. Dried powders were pressed
into dog bone shaped pellet by applying uni-axial load of about 165 MPa for succes-
sive flash-sintering and other experiments. The dimension of such a pellet is shown
by a sketch in Fig. 3.4. The region between the holes (of dimension ~21x 3 mm?2 from

the top view) is made as the gauge section for the electric field sintering experiment.
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Fig. 3.4: Sketch of dog bone sample used for sintering experiments, numbers is in mm.

The LSCF/GDC composite powders containing different amounts of GDC (60/40,
50/50 and 4060, LSCF/GDC weight ratio) are prepared by ball milling for 24 h in

aqueous media, and afterwards dried overnight. Dog-bone shaped pellets were
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prepared for the sintering experiment in the same way as described above for LSCF
and MnCo204. Green density of pellets was calculated from mass by volume (= area
x thickness; area 161 mm? calculated by design software). The green densities of

both the samples were in the range of 59-61 % of the theoretical density.

3.3 Flash-sintering Experiment

3.3.1 Experimental-arrangement

Flash-sintering on dog bone shaped sample was performed under constant
electric fields in a four-point type electrical arrangement within a muffle furnace which
was heated with a constant rate of 5°C/min. Schematic of experimental set up is
shown in Fig. 3.5. The sample was hanged within the furnace, in an electrical circuit-
ry, with the help of 0.5 mm thick platinum wires which were taken out from the fur-
nace and were connected to the other electrical component such as power supply,

Pyrometer
/CCD Camera

l

Computer
Control

0000
0000

Power
Supply

| Voltmeter I|
+| Voltmeter |_

Figure 3.5: Schematic of flash-sintering experimental set-up

multimeter, shunt etc. Power supplies and multi-meters are connected with computer
for voltage control and current/voltage data monitoring. During the experiment, the
electric current in the measurement set-up was set to a fixed maximum value to

avoid any kind of thermal/electrical runway in the sample and to protect the connect-
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ing wire and the sample from excessive heating. A hold time of 60 s was given at the
maximum current density which is considered as the period of flash-sintering. Con-
ventionally sintered samples were produced for comparing the microstructure, were
treated for 60 s hold time for the close comparison; these were produced at different
temperatures with 5°C/min heating rate. A CCD camera was focused on the sample
during flash-sintering to record the shrinkage; it was set to record images every se-
cond. Images were processed for shrinkage data using either of, ImageJ or
MATLAB, software. In some experiments when recording specimen temperature, a

pyrometer in place of CCD camera was focused on the sample.

Flash-sintering of MnCo204 was performed on pre-sintered (at 900°C for 1 h:
67% dense) samples employing the electric field of 2.5-17.5 V/cm starting from 80-
100°C, and limiting the maximum current to 1.4-1.6 A/mm2. Pre-sintering is per-
formed in order to remove the binder for avoiding any fluctuation in the power dissi-
pation which may occur for binder degradation activity. It also allowed easier han-
dling for successive flash-sintering experiments. Lanthanum strontium cobaltite
(LSC) slurry and silver paste dried at 250°C for 20-30 min were used to reduce the
contact resistance. Pictures of green and dense MnCo204 sample, sample arrange-

ment for electric field experiment, and during flash-sintering are depicted in Fig. 3.6.

Figure 3.6: a) Green and sintered MnCo20s pellets, b) the actual sample arrangement, sample
hanged with the help of Pt-wires and c) during flash-sintering

Flash-sintering on LSCF was performed using electric fields in the range of 2.5-

12.5 Viem and maximum current density of 1.50 A/mm?2 applied from the starting

temperature of ~20°C. Here also, a hold of 60 s, unless mentioned, was given at the

maximum current values. In the electrical circuitry, silver paste was used to reduce

the contact resistance between the sample and the connecting wires, dried at 250-
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260°C for 30 min. After drying, the furnace was brought down to room temperature
(20-25°C) and heated again for flash-sintering experiments with constant rate. Such
treatment was also found to be useful to avoid any fluctuation in the power dissipa-
tion associated to binder degradation (Duramax B-1000). Flash-sintering of LSCF
samples containing different amounts of GDC (60:40, 50:50, 40:60, LSCF:GDC
weight ratio) was performed under 7.5-20.0 V/cm in constant heating rate experi-
ments; current density of 0.59 A/mm? was chosen for 5050 and 4060 composition
whereas comparatively higher current density of 0.9 A/cm2 were set for 6040 compo-
sitions as for being more conductive 0.59 A/mm?2 was found very low for sufficient

heating.

Details of instruments used for flash-sintering experiments are given below:

3.3.2 Power Supply: Sorensen XG6025

XG6025 power supply was used for applying electric field. It can provide maxi-
mum 60 V in constant voltage mode and maximum 25 A in constant current mode,
both with a resolution up to two decimal points. The power supply can be controlled

manually or by computer programming through analog or an RS232-USB channel.

3.3.3 Multi-meters: Keithley 2000 and 2100 Digital Multimeter

Either of 2000 and 2100 model Keithley multimeters were used for measuring
voltage and current. These mulitmeters can record current up to 3 A, and voltage up
to 1000 V with precision of 61/2 decimal place. For recording current higher than 3A
(e.g. during flash-sintering experiments), keithley was used in voltage mode for
measuring drop across a shunt of value 0.002 Q. Data was recorded automatically
using VISA-USB interface adapter for Keithley 2100 model and GPIB-USB for 2000.

3.3.4 Pyrometer

In flash-sintering rapid increase in conductivity raises specimen temperature to

a value much higher than the furnace temperature. Therefore, the local temperature
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is entirely different from the onset temperature mentioned from furnace LED-display-
reading or thermocouple. In order to analyze flash-sintering and to compare from
conventional-sintering, specimen temperature was recorded using an ‘Ultimax Infra-
red Thermometer, UX-20/600-3000°C’ pyrometer during sintering and electrical
conductivity experiments. Prior to the measurements, pyrometer was calibrated up to
1150°C (with no field applied) using sintered specimens of same powders that were
used for sintering experiments. For calibration thick disc shaped (12 mm diameter)
specimens were used; a hole was drilled at the cylindrical surface of the disc to keep
a thermocouple (S-type) in the close contact of sample surface; pyrometer was fo-
cused on the flat circular surface. From the measurements, emissivity of MnCo020s is
averaged to be 0.98 and that of LSCF is 0.93 over 800-1150°C.

3.3.5 Data Collection

Flash-effect for being a transient event, voltage, current and specimen tem-
perature data were recorded automatically every ~0.15-0.20 s to increase the reliabil-

ity, using data acquisition devices and MATLAB for interfacing as mentioned below:

3.3.5.1 Interface environment and language

MATLAB software provides an interactive background for numerical computa-
tion, analysis and visualization of data and programming. It provides an environment
for interface between computer and different devices such as power supply, multime-
ter and pyrometer etc. It is equipped with data acquisition (DAQ) toolbox
which provides functions for connecting MATLAB to data acquisition hardware such

as USB, GPIB, VISA devices from National Instruments, Agilent and other vendors.

3.3.5.2 Data Acquisition Hardware used

o  RJ45-RS232 card, for power supply

e  GPIB (General Purpose Interface Bus)-USB, for Keithley 2000 multimeter
e  VISA-USB, for Keithley 2100 multimeter

e NI-DAQ (NI: National Instruments), for pyrometer
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Some of commands for creating these objects for communication in MATLAB are:

Commands | Comments

serial Create serial port object
e.g. obj=serial(‘COM1’);
%% the device is connected at COM 1 USB port in the computer

fopen Connect interface object to instrument

fclose Disconnect interface object from instrument
fprintf Write text to instrument

fscanf Read data from instrument, and format as text
delete Remove instrument objects from memory
instrhwinfo | Information about available hardware

visa Create visa object

e.g. vu = visa('agilent, 'USB::0x1234::125::A22-5::INSTR')

VISA-USB object connected to a USB instrument with manufacturer

ID 0x1234, model code 125, and serial number A22-5

analoginput| Create the analog input object

e.g. Al1 = analoginput('nidaq','Dev1'); %% for a National Instruments board
addchannel|add the hardware channels

e.g. addchannel(Al1,0:3); %%(channels 0-3)

3.4 Sample Characterization Techniques
3.4.1 Dilatometry

Dilatometers serve for highly precise measurement of dimensional change of a
body which occurs as a result of any physical or chemical process as a function of
temperature. Conventional sintering of samples (with no electric field) was observed
by recording linear shrinkage in a Linseis L75 dilatometer (Linseis Gmbh, Bolzano,
Italy). Bar-shaped samples made by the same way as for flash-sintering were heated
up to 1500°C (or up to complete shrinkage) at 5°C/min in air. A correction curve that
accounts for changes in sample support and sample push rod during such heating is

determined using an alumina standard under the same experimental conditions.

3.4.2 X-ray Diffractometry

X-ray diffraction is a versatile, non-destructive analytical technique for identifi-
cation and quantitative determination of the crystalline/amorphous phases present in
solid materials and powders. The XRD technique is based on the interaction between

x-ray and the three dimensional distribution of atoms in space, the crystal lattice.
59



Such interaction provides a set of diffraction peaks arranged at different angles, ©,
considered with respect to the sample plane. Each peak corresponds to diffraction
from atoms of a specific set of planes, separated from one another by a distance,
d (Bragg diffraction,nA = 2dsin®). Therefore, position and relative intensities of
peaks is a signature of materials. The details of crystalline nature such as lattice
parameter, crystallite size etc. of powders and produced samples are calculated from

the collected diffraction pattern.
3.4.2.1 Calculation of phase concentrations

The amount of CoO phase in sintered MnCo204 sample is calculated from the
internal standard method [118], briefly discussed here. Quantitative analysis by XRD
is based on the fact that the intensity of the diffraction pattern of a particular phase in
a mixture of phases depends on the concentration of that phase in the mixture. The
relation between intensity and concentration is generally not linear, since the diffract-
ed intensity depends markedly on the absorption coefficient of the mixture and this
itself varies with the concentration. Out of the different methods discussed in [118],
the internal standard method is used here for calculating the concentration of constit-
uent phases. In this method a diffraction peak of the phase being determined is com-
pared with the peak of a standard substance mixed with the sample in known propor-
tions. Suppose we wish to determine the amount of phase A in a mixture of phases.
A known amount of test composite sample containing phase/sample A is mixed with
a known amount of a standard substance (S) to form a new composite sample. If a
XRD pattern is now obtained for the new composite sample, the ratio of intensity of a

particular peak of phase A to that of composite is given by [118],

% = Kw, (3.1)
where w, is the weight fraction of phase A in the composite and K is a constant.
Thus the intensity ratio of a peak of phase A and a peak of the standard sample S is
therefore a linear function of w,. This new composite contains the wg, weight frac-
tion of standard sample. A calibration curve can be prepared from measurements on
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a set of synthetic samples, containing known concentrations of A and a constant
concentration of a suitable standard, S. Once the calibration curve is established, the
concentration of A in an unknown sample is obtained simply by measuring the ratio
I, /I for a composite sample containing the unknown and the same proportion of
standard as was used in the calibration. This internal standard method has been

used in our work.

X-ray diffractograms of raw powders, conventionally- and flash-sintered sam-
ples were collected from Rigaku D-Max diffractometer (Rigaku, Tokyo, Japan) in the
Bragg-Brentano configuration using CuKq radiation operating at tube voltage of 40 kV
and tube current of 30 mA. The scanning range was 10-90° with a step rate of 0.05°
and acquisition time of 5 s per point. Peaks were identified by JCPDS (Joint Commit-

tee on Powder Diffraction Standards) database.

3.4.3 Scanning Electron Microscopy- Energy Dispersion X-ray
Spectroscopy

The scanning electron microscope (SEM) has become one of the most widely
utilized instruments for materials characterization. SEM uses a focused beam of
high-energy electrons to generate a variety of signals at the surface of solid speci-
men. These signals include secondary electrons (that produce SEM images),
backscattered electrons (BSE produce high resolution compositional map of a sam-
ple), diffracted backscattered electrons (EBSD that are used to determine crystal
structures and orientations of minerals), photons (characteristic X-rays that are used
for elemental analysis), visible light, and heat. Secondary electrons and backscat-
tered electrons are commonly used for imaging samples: secondary electrons are
most valuable for showing morphology and topography on samples and backscat-
tered electrons are most valuable for illustrating contrasts in composition in multi-

phase samples.

Microstructure of raw powders, conventionally and flash-sintered samples was
examined by JEOL JSM-5500 scanning electron microscopy (SEM) attached with
energy dispersive x-ray spectroscopy (EDXS or EDS). Images were taken at accel-
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erating voltage of 10-20 kV under the magnification x1000- x10000. EDS analyses
are observed at accelerating voltage of 20 kV, spot size 38 um and working distance

of 20 mm. Grain size of the samples were estimated from linear intercept method.

3.4.4 Electrical conductivity

The flash-effect which involves fast conductivity increase and sintering was in-
vestigated through the property of electrical conductivity controlled under electric field
(I-V characteristics) and temperature. The measurement was performed in 4-point
type arrangement using the same set of instruments those were used for the flash-
sintering. For electrical conductivity sintered specimens were considered as they do
not undergo any dimensional change and furnish reliable conductivity values. For
observing the conductivity against the temperature, furnace was heated with 5°C/min
while applying constant fields. For I-V curves, choice of increasing rate of electric
field was limited to the experimental constraint of resolution of power supply (voltage
can be set up to 2 decimal point in manual control) and the maximum field was to
protect the connecting wires and the specimens from excessive heating since no

maximum limit of the current was set.

In case of MnCo204, conductivity with respect to temperature was recorded on
1050 and 1300°C-sintered specimens, heated up at the rate of 5°C/min while apply-
ing a field of ~0.25 V/cm. The two sintering temperatures were chosen as to observe
the difference in the conductivity behaviors since MnCo204 is not a stable phase; it
reduces to secondary phase at higher temperatures which affects the conductivity
[1,2]. After confirming the effect of sintering temperature on conductivity behavior,
electrical conductivity under electric field (I-V characteristics) was recorded on
1300°C-sintered MnCo204 specimens at constant furnace temperatures ranging from
200-700°C in the steps of 100°C. The field was increased with a rate of 8 mV/cm-s
up to approximately 7.0 V/cm. To investigate further, the electric field was varied up
and down in a continuous cycle at these temperatures (200-700°C) with simultane-

ous recording of specimen temperature using pyrometer.
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In case of LSCF, electrical conductivity under electric field and temperature are

recorded in following two ways:

1) On green specimen under constant field (5.0 and 7.5 V/cm) and variable tempera-
ture in the same way as in the flash-sintering tests: only the time (and furnace
temperature) of the measurement was extended to larger values to record the ma-
terial conductivity after the flash-effect.

2) On 1300°C-sintered specimen

e Under constant electric field (0.1-1.7 V/cm), varying the temperature
e At constant temperature (18, and 100-500°C) varying the electric field.
Electric field was increased with a rate of ~7 mV/cm-s up to ~1.7 Viem.

For being highly conductive, electric field was chosen to be smaller than those that
can create flash-effect in LSCF. Its high conductivity generates a lot of current in
dense specimen, even with a small voltage, which causes excessive heating of wires
and sample in our experiments arrangement and thereby puts a constraint on the
choice of voltage. For the same reason, the conductivity behavior during and after

flash-effect was analyzed in sintering experiment, on green specimen.

Electrical conductivity of LSCF/GDC composites is recorded on dense speci-
mens (at 1300°C for 2 h) under electric field and temperature in the same as for
LSCF.

3.4.5 Thermogravimetry (TG)/Differential Thermal Analyzer (DTA)

Thermo gravimetric (TG) is a technique in which the change in mass of a sub-
stance is measured as a function of temperature, while the substance is subjected to

a controlled temperature programme. Controlled temperature programme means

. heating and/or cooling at a linear rate
. isothermal measurements

. combinations of heating, cooling and isothermal stages
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Mass of a sample can vary for any physical and chemical processes occurring upon
increasing the temperature. TG analysis provide information about physical phenom-
ena, such as second-order phase transitions including vaporization, absorption,
adsorption and desorption, and likewise, about chemical phenomena including dehy-
dration, decomposition and solid state reactions (e.g. oxidation or reduction). Differ-
ential thermal analysis (DTA) is a thermal technique in which temperature of sample
(Ts) is compared with the thermally inert material or furnace temperature (7y) as the
sample is heated or cooled at a uniform rate. The temperature changes in the sam-
ple, which lead to the absorption or evolution of heat, can be detected relative to inert
reference. Temperature of the sample changes due to phase change reactions,
crystallization, melting, sublimation, vaporization, dehydration, reduction, oxidation
etc. Generally phase transition, dehydration, reduction and some decomposition are
exothermic. By using (Ts — Tf) differential method, a small temperature changes
can be easily detected, while the peak area is proportional to the enthalpy changes
(£AH) and sample mass.

Thermo-gravimetric data for MnCo204 and LSCF powder samples were collect-
ed using NETZSCH Geréatebau STA 409 thermo-balance, combined with differential
thermal analyzer. The ability to perform these complementary measurements simul-
taneously aids in the characterization of materials and provides better verification
and interpretation of results. The measurements were performed at constant rate of
2-40°C/min up to 1500°C in air. Prior to the experiment, the powders were treated at
1300°C for 1 h in order to remove any volatile substance. Pure alumina powder was

used as a reference in alumina crucible.
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Chapter IV

Results and Discussions

Part of this chapter has been published in:

1) Anshu Gaur, Vincenzo M Sglavo,
“Flash-sintering of MnCo0,0, and its Relation to Phase Stability”
Journal of European Ceramic Society, volume 34 (2014) pages 2391-2400

2) Anshu Gaur, Vincenzo M Sglavo,
“Flash-sintering of (La, Sr)(Co, Fe)O; and its Possible Mechanism”,
Journal of Materials Science (2014)

4.1 Flash-sintering of MnCo0,0,
4.1.1 Flash-sintering
4.1.1.1 Power dissipation and Shrinkage

The variation of power dissipation of 67%-dense pre-sintered MnCo204 sample
as a function of furnace temperature, taken under different applied electric fields, are
presented in Fig. 4.1(a); power dissipation is calculated from the product of applied
electric field and the current density through the sample. It is clearly shown that the
electric field has strong influence on the power dissipation behavior of the sample. At
relatively low applied field (2.5 V/cm) the power dissipation shows almost linear de-
pendence on the furnace temperature up to 550°C, which reflects the usual (increas-
ing) conductivity behavior of MnCo204 [9,119]. For fields greater than 5 Vicm the
linear dependence occurs with slightly higher slopes up to an onset temperature
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Figure 4.1: a) Power dissipation and b) shrinkage of 67%- dense pre-sintered MnCo204 sam-
ples as function of fumnace temperature under different applied electric fields.

beyond which a sudden rise in power dissipation is observed. The higher slope of the
power dissipation represents higher rate of conductivity increase and can be associ-
ated to the Joule effect whereas sudden rise in the power dissipation curve, after the
almost-linear part, is the sign of flash-sintering [20,27]. Such increase occurs so
abruptly that it can not be associated to be derived from thermal effect. However,
corresponding to such flash-effect of power dissipation quick shrinkage occurs as
shown in Fig. 4.1(b) for 10.0 and 17.5 V/em. The sintering is shown to happen at the
similar fast rate and the level of shrinkage under 17.5 V/icm is higher than that at 10.0

Viecm. These shrinkages are occurred at 120 and 210°C furnace temperatures which
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are far lower than that required without electric field (0 Vicm case in Fig. 4.1(b)).
Again from Fig. 4.1(a), it is observed that the initiation of such flash-sintering behav-
ior for MnCo204 is commenced under 5 V/cm and 320°C threshold field and thresh-
old furnace temperature, respectively; the power dissipation at the onset of the effect
was ~15 mW/mm3. At relatively higher fields, the dissipation plots show similar sud-
den increase behavior at lower temperatures but commencing at the same power
level. The observation of threshold field is in agreement with previous works on
MnCo204 whereas the deviation of threshold temperature of 475°C from the reported
literature [27] by ~155°C is expected to be due to the difference in the initial density
of the samples.

4.1.1.2 Flash-parameter: Relation with density

As a matter of fact, flash-effect depends on the conductivity of the material and
it is described by the combination of electric field and temperature [9,120]; the densi-
ty of the sample has therefore a significant role on flash-parameters. The variation of
onset furnace temperature as a function of electric field for different density samples
(green: 60%, pre-sintered: 67%, sintered at 1300°C: full density) are presented in
Fig. 4.2. The abrupt change that occurs during flash-sintering is observed in all sam-
ples, whether it is tightly-packed sintered or loosely-held green sample. According to
such observation and previous works [21,81], the flash-effect of rapid increase in the
conductivity and quick sintering is suggested to be an intrinsic property of the materi-
al, not simply connected to resistive heating (during rapid increase of current) at
particle-particle contacts in the green sample; it is equally evident in dense samples
also. In other words, it is proposed that every material could show specific flash-
effect. Samples with different densities show the same threshold field of about 5
V/em; but the onset temperatures at the same applied field changes with the density
of the samples. The onset temperature difference of about 120°C between green
and fully dense sample was observed at 10 V/icm. In general, the conductivity of the
materials is a coupled response of bulk of the particle and inter-particle connectivity
in the sample [2,8]. The constant threshold field observed for different density sampl

es suggests that the conductivity of the spinel dominantly comes from the bulk prope-
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Figure 4.2: Variation of flash onset temperature with electric field for different density samples
(Green-60%, Pre-sintered-67% and sintered at 1300°C)

rties and even a small channel through particle-particle connection can provide such
conductivity that does not significantly affect the flash-parameter. On the other hand
the deviation in the onset temperatures is expected to be associated to the difference
in the inter-particle connectivity in the samples. Similar observation on the conductivi-
ty of MnCo204 has been previously reported where inter-particle connections lead to
enhanced conductivity of the material [9]. The pre-sintered sample with 67% density,
shown in the Fig. 4.2, shows flash-sintering at much lower furnace temperatures, at
about 120-250°C, under 7.5-17.5 Vicm field. The processing temperature, here, is
therefore 1000-1100°C lower than conventional heat treatment requirement of
1300°C (Fig. 4.1(b)). From this result we propose that MnCo204 material can be
sintered by the flash-effect at 120-250°C without the requirement of high electric
fields.

4.1.1.3 Specimen Temperature

The evolution of the 67%-dense pre-sintered sample under flash-sintering is
here analyzed. The specimen temperature (Ts) measured by pyrometer during flash-
sintering, along with the details of the applied field and power dissipation across the
samples, is listed in the Table. 4.1. The amount of power dissipation observed for

MnCo204 spinel reported in Fig. 4.1 as well as in the Table is substantially high com-
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pared to those required for the flash-sintering of other low-conductive materials
[20,24,26). Further, increase of 50-75°C in specimen temperature involves with 250-

300 mW/mm3 increase in power dissipation. Such high power dissipation values are

Table 4.1: Flash sintering parameter of 67% dense MnCo204 sample treated to different electric
field (V= 95-99 mm?)

Sample  Furnace E-Field Maximum Cur- Maximum Power Specimen
Name* Temp (Vicm) rent Density Dissipation Temp
(°C) (A/Imm2) (mW/mm3) (C)
320 5.0 0.48 240 <900
(material’s limit)
FS925 250 75 1.25 960 925
(material’s limit)
FS975 210 10.0 1.40 1445 975
FS1050 170 12.5 1.40 1800 1050
FS1100 145 15.0 1.40 2160 1100
FS1160 120 17.5 1.40 2475 1160
FS1320 120 17.5 1.60 2830 1320

directly related to the low activation energy and higher conductivity of MnCo204. The
change in specimen temperature during flash-sintering as a function of time for the
67%- dense pre-sintered MnCo204 sample under the electric field of 10 V/cm is
presented in Fig. 4.3. The variation of power dissipation (solid line) with time is also
included in the same figure in order to correlate the two behaviors. The power dissi-
pation curve is the magnified part of 10 V/cm curve presented in Fig. 4.1(a) (pink
line). It is shown to have anomalous effect at 210°C furnace temperature. A sudden
increase in power dissipation from a minimum of 15 mW/mm3 to a maximum of 1445
mW/mm?3 is observed within a short interval of time (~ 5 s). Afterwards drop in the
power dissipation is due to the maximum current limit specified in the measurement
set up, where the power supply switches from constant voltage to constant current
control. The decrease in the power dissipation in such constant current region is a
sign of conductivity increase [21]. After the power dissipation decrease, a steady
state value is reached at longer hold time, indicating the saturation of conductivity
through the sample. Similar to power dissipation, the specimen temperature exhibits
sharp increase with time and reaches to ~975°C under 10.0 V/. Such increase in the

specimen temperature is the outcome of Joule effect, occurred for large increase in
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the power dissipation or the conductivity at very low furace temperature (210°C).
The observation is manifested in the time lag (~2-3 s) between the two curves, where

the specimen temperature follows the power dissipation trend. The reliability of such
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Figure 4.3: Power dissipation and specimen temperature as functions of time for FS975 sam-
ple, flash-sintered under 10 V/cm.

observation under fast effect is in that in order to record the power dissipation and
temperature, clocks were matched and data are recorded every 0.17-0.20 s (approx-
imately 10-15 data in 2-3 s). Under such change, specimen achieves the maximum
temperature in the stabilization region, just before the steady state power dissipation.
This increase in local temperature, during the (unstable) growth of power dissipation,
facilitates the flash-sintering of the sample. At higher applied fields, relatively higher
local temperature is achieved in the same time interval, which involves comparatively
more drastic changes in power dissipation and specimen temperature (Table 4.1).
Similar observation of flash-sintering during the stabilization of power dissipation, in
the short time interval between the peak and the constant value, is reported for zir-
conia [21].

4.1.2 Microstructure Evolution

The extent of sintering was analyzed by the SEM for the samples subjected to

various applied fields. The micrographs of 67%- dense pre-sintered MnCo204 sample
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Figure 4.4: SEM micrograph of a) untreated, b) pre-sintered, flash-sintered sample namely c)
FS925, d) FS975, e) FS1050, and conventionally-sintered MnCo,04 sample, f) CS1050 pre-
sented for comparison. FS samples are produced under 7.5-12.5V cm-'at furnace temperatures
of 120-250°C.

subjected to different applied electric field (7.5-17.5 V/cm) which in return produces
different local temperatures are shown in Fig. 4.4. The details of field applied, fur-
nace temperature and power dissipation are provided in Table 4.1. The microstruc-
ture of conventionally-sintered (CS) samples at similar temperatures is also com-
pared. In this case, the furnace temperature is considered as the specimen tempera-
ture. The CS samples are sintered with a heating rate of 5°C/min, with hold time of
60 s and furnace temperature is measured by keeping the furnace thermocouple

close to the sample surface for attaining the good correlation with FS samples. Sam-
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ple are here labeled with prefix FS for flash-sintered and CS for conventionally-

sintered, followed by the specimen temperature (Table 4.1).

The first two figures 4.4(a) and 4.4(b) show the difference in the microstructure
of pre-sintered sample from untreated one, pre-sintered samples have been taken for
flash-sintering experiments. The microstructure of FS925 sample (Fig. 4.4(c)) shows
close resemblance to that of pre-sintered sample in Fig. 4.4(b), which suggests that
the microstructure is not affected by the flash-effect observed at such low field and
the specimen temperature. The microstructure of FS975 specimen (Fig. 4.4(d))
shows an incipient stage of grain growth, which became well pronounced in FS1050
sample (Fig. 4.4(e)). The grain morphology of CS sample sintered at 1050°C (Fig.
4 4(e)) exactly replicates that of FS1050 (Fig. 4.4(f)). Nevertheless, the extent of
porosity estimated by image-binarisation [122] using MATLAB software considering
two threshold values, 0.20 and 0.15, are shown in Fig. 4.5. It suggests that the FS
sample has comparatively higher porous nature. The higher porosity in FS samples
is expected to be associated to flash-sintering effect (rapid Joule heating). At higher
temperature, a sudden change in the morphology is observed for FS1100 (Fig.

4.6(g)): the micrograph shows that the grains are substantially larger and grain to

Threshold: 0.20 0.15
B s U T SO L SIS s IR
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Figure 4.5: Porosity evaluation of FS1050 and CS1050 samples from image binarisation using
MATLAB under different threshold values
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grain connections are developed with reduced porosity. Conversely, the CS1100
sample (Fig. 4.6(h)) shows poor morphology with lower grain size and higher porosity
compared to its counterpart of FS1100 (Fig. 4.6(g)). Similar observations are found
for further higher temperature treated samples. A fully connected grain structure with
average grain size of about ~8 ym and without open porosity is observed for FS1160
sample (Fig. 4.6(j)). The CS sample produced at the same temperature (1160°C)
possesses smaller grains with average grain size of ~5 um (Fig. 4.6(j)). The mor-

phology of FS sample sintered at 1320°C (Fig. 4.6(k)) shows melted-like appearance

g)FS1100

A/

——
10kU XS, 000 Srm

BHFS1320 1)CS1320

10k ¥ 45,0889 Sum / 20 167SE1 18kU  X1,000 10nm
- . 4 F

Figure 4.6: SEM micrograph of MnCo204 samples, flash-sintered namely g) FS1100, i)
FS1160 and k) FS1320, and conventionally-sintered, h) CS1100, j) CS1160 and I) CS1320
presented for comparison. FS samples are produced under 12.5-17.5V ¢cm-'at furnace tempera-
tures of 120-250°C.
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without clear visibility of grain boundary in contrast to large grains of CS1320 (Fig.
4.6(1)). Black spots in Fig. 4.6(k) represent regions with higher Co concentration as
detected by EDS; such regions originate from the reduction of MnCo204 to CoO [9]

which will be discussed in the next section.

From SEM analysis, we conclude that the electric field sintering has a strong ef-
fect on the microstructure of the specimen at high temperatures. The FS sample
microstructure sintered at lower temperatures (up to 1000-1050°C) has close resem-
blance with that of its counterpart of CS with slight change in the porosity; FS sam-
ples are more porous. It is inferred that the strong flash-effect and fast change in
specimen temperature (Fig. 2) is not the only requirement for the flash-sintering (with
additional sintering over CS) of MnCo20s. However, a fully dense morphology with
interconnected grain structure is observed at higher temperature (in excess of
1100°C). This observation is dissimilar to that made on FS zirconia, where relatively
higher shrinkage is reported over the conventional sintering at temperatures from
950-1600°C [80]. In addition, MnCo204 forms relatively larger grains in flash-
sintering, the fast heating and sintering effect does not retard the grain-growth kinet-
ics. It is again dissimilar from previous findings on zirconia [72], SrTiOs [40] and GDC
[78] where similar or smaller grain size, is reported under flash-sintering. Flash-
sintering was previously thought to inhibit grain growth due to lower processing time
(and temperature) but from the results obtained on MnCo204 this can not be a gen-

eral statement.

4.1.3 Spinel Phase-Stability Analysis

The phase composition of 67%-dense pre-sintered MnCo204 sample under
flash- and conventional-sintering at different temperature was analyzed by X-ray
diffraction (XRD). The XRD patterns are shown in Fig. 4.7. The pattern of FS975
sample (Fig. 4.7(a)) shows sharp diffraction pattern which exactly coincides with that
of the raw powder. The XRD pattern was identified as belonging to the cubic spinel
phase of MnCo204 (JCPDS File No: 023-1237). The spinel diffraction pattern is well
preserved at higher sintering temperatures up to 1050°C, i.e. in FS975 and FS1050
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respectively. At further higher sintering temperatures, a sharp peak centered around
206=42.01° and a small peak appearing as right shoulder of the (311) reflection of
MnCo204 phase are observed. These new set of peaks are identified as belonging to
the face centered cubic structure of CoO according to JCPDS file No: 065-2902. The
intensity of the CoO phase pattern is observed to increase with sintering temperature
along with the suppression of original MnCo204 phase pattern (Fig. 4.7(a)). In gen-
eral, the intensities ratio of the two different phases is proportional to the weight

fraction of the substances [118,123]:

I w
CoO0 — Co0 (41)
IMnco04  WMncoy04

where Iuncoz04 and Icoo are the intensity of strong XRD reflection of MnCo204 and
CoO, respectively, while wincoz04 and weoo are the weight fractions of MnCo204 and
CoO, respectively. The ratio of the area (integrated intensity) under the strong peaks
of (200) CoO and (311) MnCo20; is calculated and its variation as function of speci-
men temperature is shown in the Fig. 4.8. The (311) reflection of MnCo204 at 26 =
36° shows a right shoulder at 26 = 36.5° of (111) reflection of CoO phase. The
strong peak at 26 = 36° is de- convoluted into two peaks centered at 36° and 36.5°
and then the area under the (311) peak is evaluated. The increase in the intensity
ratio is a measure of the growth of CoO or of the suppression of MnCo204. Fig. 4.8
shows a systematic increasing trend of the intensity ratio with the temperature above
1050°C. This is also evident from the peak intensities variation in Fig. 4.7(a). Con-
versely, CS samples are mono-phasic up to much higher temperatures. The set of
XRD diffraction pattern presented in Fig. 4.7(b) for CS samples shows that the single
phase of MnCo204 is preserved up to 1100°C. A weak CoO pattern is observed for
CS1160, whose intensity increases for higher sintering temperature as in sample
CS1320. The ratio of the peak intensity presented in the inset of Fig. 4.8 shows that
the curve deviates from its counterpart of FS samples. The FS samples show sudden
increase in the peak intensity ratio at 1100°C. A comparison between FS and CS
spectra shows greatly enhanced cobalt oxide peaks intensity for FS samples. The

two treatments (FS and CS) are performed for the same sintering time of 60 s with
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Figure 4.7: XRD of flash-sintered samples namely a) FS975, FS1050, FS1100, FS1150 and
FS1320 along with as-observed MnCo.04 powder, and conventionally-sintered samples b)
CS975, CS1050, CS1100, CS1160 and CS1320.

CS at the heating rate of 5°C/min and FS at 9600°C/min (160°C/s) or more. From

XRD study we conclude that the spinel phase is stable up to specimen temperatures

of 1050°C in flash-sintering and 1160°C in conventional-sintering. Both conventional

sintering and electric field assisted flash- sintering shows the formation of secondary
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Figure 4.8: The weight fraction of CoO and MnCo20s for flash- and conventionally-sintered
MnCo20, samples as functions of sintering temperature.

phase at higher specimen temperatures. However, the flash-sintering shows CoO
phase concentration higher than its counterpart at all corresponding sintering tem-
peratures. The observations from XRD are found in correlation with SEM results
where flash-sintering is found to enhance over conventional at temperatures of
1100°C and higher. From this study we conclude that the microstructural-growth and
phase-decomposition are shared processes and the sintering might have derived

through the actions involved in the phase decomposition.

4.1.4 Electrical Conductivity of MNnCo0,04

Flash-sintering phenomenon starts with an abrupt increase in the conductivity,
subsequent Joule heating followed by mass-diffusions which eventually leads to
sintering. The reason of such rapid increase of conductivity under applied electric
fields greater than the threshold value is still not clear. Therefore, to investigate the
details of flash-effect in MnCo204, we carried out electrical conductivity and 1-V
measurements on green and sintered samples applying fields of the range that may

cause flash-effect.
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4.1.4.1 On green specimen: |-V relation of flash-effect
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Figure 4.9: Maximum current density observed under different electric fields: flash-sintering.

In order to make I-V relation of the flash-effect, maximum current (without any
control over the current under the flash-effect) is recorded at different electric fields
(0.25-12.5 V/cm) and is presented in Fig. 4.9 (data represented in black square sym-
bol). These are the currents (for fields 5.0-12.5 V/cm) which came after strong non-
linear increase in the conductivity. Each point in the graph represents the extent of
the field to generate the charge carriers. A hypothetical linear current-voltage re-
sponse has also been made at the same electric fields (from the current-voltage
relation recorded at 1200°C for 0.25 V/cm) to show the deviation from linear behavior
(data represented in red-circular symbol). Difference in two responses (plotted in
blue-triangular symbol) is found to increase with the increase of the field. The current
observed in flash-effect, which is the representation of generated carriers, do not
increase in linear proportion, but decline with electric-field showing large difference at
higher electric fields. This behavior corresponds to stabilization of flash-effect and
might be related to the conductivity property of the spinel [2,18].

4.1.4.2 Effect of Sintering Temperature on Conductivity
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The conductivity of MnCo204 spinel sintered at 1050°C and 1300°C for 2 h was
measured in an experimental arrangement similar to that used for flash-sintering and
the results are compared in Fig. 4.10. The samples are subjected to sintering to
avoid stimulated effects due to dimensional-changes and porosity. Measurement for

two densities is performed to confirm the conductivity behavior of sintered MnCo204
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Figure 4.10: Electrical conductivity of MnCo.04, conventionally sintered at 1050 and

1300°C for 1 h, as functions of temperature

samples which will be used further for investigating electric field effect on conductivi-
ty. From Fig. 4.10, one can observe that the conductivity of both samples increases
with temperature. The conductivity is lower for the sample sintered at higher temper-
ature of 1300°C with no appreciable change in the semiconducting behavior. The
decrease in the conductivity is expected to be due to the formation of low-conductive
secondary CoO phase [101] as it is clear from the XRD analysis. Yi et al. reported
the growth of similar low conductive phase when MnCo204 is sintered at higher tem-
perature [9]. The conductivity of MnCo204 sample sintered at 1300°C (Fig. 4.10) is
lower than that reported in previous works on Mn-Co oxide [9,30], this probably being
related to contact resistance and different experimental arrangement. However, in
the present investigation, we are interested on the variation of conductivity with tem-

perature. With the observation that the high temperature sintering does not affect the
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conductivity behavior of MnCo204, we carried out conductivity and current-voltage
measurements on fully dense MnCo204 samples sintered at 1300°C, discussed in

further sections.
4.1.4.3 On dense Specimen

4.1.4.3.1 Conductivity versus Temperature: Effect of electric field
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Figure 4.11: Conductivity of MnCo20s as functions of temperature, observed under different
electric fields (0.125-5.5 Vicm). ~5 V/em causes flash-effect in MnCo204 sample (Fig. 4.2).

The conductivity of 1300°C-sintered MnCo204 sample as function of tempera-
ture observed under different electric field (0.125-5.5 V/cm) is compared in Fig. 4.11.
Under smaller electric field of 0.125-0.5 V/em, the conductivity shows a smooth in-
crease with temperature having overlapped data points for different fields. It repre-
sents the usual conductivity trend of MnCo204 (as shown in Fig. 4.10) and suggests
that the conductivity is invariable with respect to the electric field (ohmic behavior). In
other words, field is small enough to perturb the material system and therefore con-
ductivity increases in an ohmic way. The conductivity of MnCo0204 is governed by
small polaron hopping. In the mathematical form, the temperature dependence of

conductivity is reported by Arrhenius relation, as,
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o= ?exp (— E—;) 4.2)
where A is material's constant and depends on the carrier concentration, E, is the
activation energy, R gas constant (= 8.314 J/mol-K= 5.189 x 10'® eV/mol-K) and T
absolute temperature. Using this equation activation energy is calculated from the
slope of log.(o.T) versus 1/T graph and is shown in the Fig. 4.12. The activation
energy of MnCo204 is calculated to be 0.37 eV under 0.125-0.5 V/cm which is higher
than the reported ones [119,124]; it is associated with the different experimental
arrangement. However, from the Fig. 4.12, a linear relation exist between
log.(0.T) and 1000/T which confirms that the MnCo204 conduction mechanism
comes from thermally activated hopping of small polarons between Co?*/Co% and

Mn3*/Mn#* pairs [41,100], and whose temperature dependence is given by Eq. 4.1.
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Figure 4.12: Arrhenius plot of the low-field conductivity as a function of temperature.

Again from the Fig. 4.11, some deviations in the conductivity are observed for 1 V/icm
case; the same is visible in Arrhenius plot as a linear response but with smaller
slope; such change can be associated with Joule effect. With further increase of
electric field, the conductivity starts showing jump-kind of behavior at lower-side of
temperatures. Conductivity after such jump follows smooth increasing behavior with
temperature which seems following the usual tendency of the material. Additionally,

the temperature of such a jump found to move towards lower values with the in-
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crease of electric field. For 3-5 V/cm, it occurs at 300°C and for 5.5 V/cm at 200°C
only. Correlating with Fig. 4.2, the field close to 5 V/cm can cause flash-effect in
dense MnCo204 sample and the same we observe here. The strong impact of elec-
tric field on the conductivity for 5.5 V/icm case, unlike for low field cases, does not
seem to derive from Joule effect since it occurred all of a sudden at starting tempera-
ture of 200°C. Therefore, for the considered range, electric field has strong influence
on the conductivity versus temperature curves and the dependences vary from ohmic
(field independent) to non-ohmic (field dependent) within a short range of electric
field i.e. 0.125-5.5 Vfcm.

4.1.4.3.2 Conductivity versus Electric field: Effect of Temperature

Smooth-to-rapid effect of electric field is clearly observable in the current-
voltage behavior. |-V characteristics of 1300°C-sintered MnCo204 samples meas-
ured at different furnace temperatures (200-700°C) are compared in Fig. 4.13(a).
The electric field is applied at an increasing rate of ~8 mV cm-! s*'. From the curve it
is observed that the furnace temperature has significant influence on the |-V behavior
of MnCo204 sample. At 200°C, the current grows linearly up to 5.18 V/cm but with
very small current density compared to that recorded at higher temperatures. As the
field reaches 5.18 V/cm the current density increases at faster rate having appear-
ance of a flash-like effect. The increasing rate of the current was so fast that at the
same time the field decreased down showing backward flow in the |-V characteristics
(Fig. 4.13(a)). A comparison with the Fig. 4.2 for the sample sintered at 1300°C
suggests that there is a close match between the temperature and field values for
flash-effect, (210°C, 5.0 V/cm) and (200°C, 5.18 V/cm), where one measurement is
performed in constant-field experiment and the other at constant-temperature. Such
observation represents the consistency of flash-effect, and invariability of the materi-
al's property to respond under the electric field. Fig. 4.13(a) shows that the flash
characteristic nature of MnCo204 in |-V curve gradually reduces to smooth behavior
at higher temperatures. For temperature of 300°C, the current shows a linear de-
pendence on the voltage with slightly higher slope and sudden increase at 2.1 Vicm,

which is much earlier than it was at 200°C. However, the extent of current density
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Figure 4.13: |-V characteristics of 1300°C-sintered MnCo.04, recorded at 200-700°C furnace
temperatures, presented as a) current density and b) conductivity as functions of electric field.

increase at flash-effect field is relatively lower than that obtained at 200°C. At further
higher furnace temperature, such flash effect is not observed and the I-V behavior is
almost linear at 400-700°C temperatures with a not-significant non-linearity (in 1-2
Vicm field range). A similar observation is recorded from Fig. 4.1(a), where furnace
temperatures higher than 200°C belong to the FAST regime, the material showing a
smooth current increase. For all furnace temperatures, after the non-linear changes

(either strong or moderate) the current increases linearly with the field.
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The variation in the conductivity of MnCo204 samples sintered at 1300°C as a
function of the applied electric field is shown in the Fig. 4.13(b). The flash-effect
corresponding to increased conductivity is clear here. The conductivity reflects the
same trend of |-V curve (Fig. 4.13(a)) and shows flash-like abrupt behavior at 200°C.
It is observed that the conductivity increases in a non-linear manner with the applied
field at all temperatures; the initial values at any temperature represent the conduc-
tivities by thermal-activation. The conductivity trend under electric field looks to be
the same as observed under temperature (Fig. 4.11). However, the non-linearity
feature varies with the furnace temperature. At 200°C, the conductivity is relatively
very low, and almost constant until a critical field is reached, at which the spinel
undergoes to a strong non-linear increase (flash-effect). The effect is so fast, and
occurs at very low temperature that it is not expected to come from Joule-effect. For
temperatures in excess of 200°C, the non-linear feature is comparatively modest but
starts occurring at lower field-values. The highest temperature of 700°C and the
lower 500-600°C which are free from flash-like rapid effect (following from Fig. 4.2),
the non-linearity of the conductivity might be associated with the Joule heating (also
discussed in the next section). Therefore, all graphs show a systematic change from
strong to moderate non-linear behavior from 200 to 700°C. Under different degree of
non-linearity with the electric field, all curves seem to reach a common stable value.
Similar temperature dependent consistent effect of electric field on conductivity is

observed in YMnOs and other materials also [125,126].
4.1.4.3.3 Role of thermal-effect (Joule heating)

The discussions on the conductivity and flash-effect are extended considering
the measurement of specimen temperature. The variation of specimen temperature
(solid line) and current density (dotted line) with electric field for 1300°C-sintered
MnCo204 sample recorded at different furnace temperatures are presented as func-
tions of time in Fig. 4.14. In order to correlate the low- and high- temperature behav-
ior, case of 200 and 600°C are arranged in one graph (Fig. 4.14(a)). Both, the spec-
imen temperature and current density are interrelated and are observed to follow

abrupt and gradual changes with time/electric field at 200°C and 600°C furnace
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temperature, respectively (Fig. 4.14(a)). At 200°C, the specimen temperature rises
abruptly to more than 900°C following the trend of the current density; afterwards,
beyond the flash-effect, it increases almost linearly with the applied field. The chang-
es are smoother at furnace temperature of 600°C. In any case, the specimen tem-
perature rises above the furnace temperature by Joule heating. Close observation of
200°C curve in the inset of Fig. 4.14(a) shows that there is a time lag of 2-3 s be-

tween the two parameters and therefore suggests that it is the increase in the condu-
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Figure 4.14: Current density and specimen temperature of MnCo204 samples sintered at
1300°C as functions of time recorded at a) 200 and 600°C, b) 300 and 400°C.
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ctivity which drives the Joule-effect (also evident in Fig. 4.3). The same explanation
is not applicable to 600°C case where conductivity and temperature changes are
comparatively smooth. Therefore, the increase of conductivity is associated to come
from thermal effects. For the cases of 300°C and 400°C in Fig. 4.14(b) which belong
to the FAST regime from electric field assisted sintering description, we observe the
same sign of rapid-effect and Joule-heating which is clearly visible in 200°C case;
however, the changes are intermediate to 200- and 600°C-cases. Such sign of
changes at 300-400°C clearly represent the stronger competence of electric field
against temperature for increasing the conductivity compared to 600°C-case and the
same is lesser compared to 200°C-case. Correlating the effect of temperature on
conductivity versus electric field curves, it is observed that a smooth cross over occur
between ‘conductivity derived thermal-effect’ and ‘thermal effect activated conductivi-
ty'. In other words, a smooth crossover occurs between the capabilities of electric
field and temperature for increasing the conductivity. Such effect of electric field on
conductivity which depends upon the temperature, can be associated for the case of
MnCo204 to Poole Frankel effect (for 500-600°C), electric field assisted tunneling (for
300-400°C) and direct tunneling by electric field (for 200°C) [127,128]. In the discus-
sion of electric field assisted sintering, this cross over defines the two regime of sin-
tering, flash associated to direct tunneling effect and FAST to Poole Frankel effect.
Therefore, the conductivity results and its correlation from the reported effect follow
from the competitive role of the two parameters; the electric field is more likely to
have stronger influence on conductivity of Mn-Co spinel at lower temperatures which

is observed to be involved with sintering of green specimen.

4.1.4.3.4 Hysteretic Behavior

The effect of electric field on the electrical conductivity of MnCo20s is further in-
vestigated under cyclic variation of field. Figure 4.15 shows I-V curve during cyclic
change in the electric field (0.0-4.5-0.0 V/cm) recorded at 300°C. On reversing the
voltage, the conductivity/current density does not decrease in a fast manner as it was
happened during voltage increase and therefore it does not follow the same path but

shows increased values in the form of hysteresis loop. Such kind of behavior was
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observed at other temperatures also. Residual conductivity is observed with MgO
doped alumina also [24] which is proposed to be the result of newly nucleated

charged species during flash-effect.
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Figure 4.15: Hysteretic behavior of conductivity and specimen temperature of 1300°C-sintered
MnCo204 measured at 300°C as function of electric field.

This residual occurrence of conductivity was better analyzed by the simultane-
ous sample temperature measurement. Hysteretic behavior was observed with sam-
ple temperature also. Temperature and conductivity found to follow each other. Dur-
ing reverse cycle, drop in temperature with field was rather smoother than that during
forward cycle. Temperature did not decrease all of sudden, but continued to de-
crease gradually. Changes in sample temperature and conductivity are correlated. It
is clear that during forward path Joule effect comes after sudden increase in the
conductivity; a small time lag is involved between power dissipation and sample
temperature (Fig. 4.15). So, electric field generated flash effect drives Joule heating
and at the start of reverse cycle, local temperature starts with higher values. These
temperatures are sufficient to support the higher conductivity of the spinel, and the
stronger thermal effect weakens the role of electric field. It was somewhat like during
forward cycle, local temperature is increased by sudden increase in conductivity by
electric field effect. During reverse cycle, same temperature preserves the high con-

ductivity state, giving rise to residual value when voltage is made lower to onset
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value. The conductivity variation at 300°C is not as fast as it is at 200°C but still

shows residual values.

From the quantitative comparison of the conductivity values in Figs. 4.10, 4.11
and 4.13(b), one can derive interesting correlation between the intrinsic conductivity
and the conductivity under flash-effect. The conductivities (of 27.5-28.7 S/cm) after
strong or modest flash-like-effect shows match with that (29.5 S/cm) recorded at
1000°C under purely thermal effect in Fig. 4.10. The specimen temperature after
such flash-effect is observed to be approximately 1000°C and therefore in both cas-
es similar conductivity is attained. Here, it is worth mentioning that conductivities
shown in Fig. 4.10 are purely based on thermal effects, whereas in Figs. 4.11 and
4.13(b) it is assisted with the additional effects of electric-field. Electric field and
temperature show a competitive behavior for increasing the conductivity. From the
smooth crossover of electric field to temperature dependence, we suggest that the
conductivity under electric field follows the same mechanism which is involved during
its thermal activation i.e. small polaron hopping. Similar kind of temperature depend-
ent ohmic to non-ohmic crossover is reported for YMnO3 and Eu-O-N based ceram-
ics [125,129] and is also observable on some non-ceramics [126,130,131]. All these
have a common point of polaron-hopping based conduction mechanism; such thing
could be a starting point to understand the sintering effect (molecularfionic transi-
tions) of electric field. The increase in conductivity is associated with the generation
of charge carriers and the increasing rate depends on the temperature and the ap-
plied electric field. On the basis of presented results and after confirming the role of
electric field, we made an attempt to understand the mechanism involved in the
generation of charge carriers in terms of ionic/molecular transitions which causes

increase in conductivity and eventually may lead to sintering of the spinel oxide.

4.1.5 Discussion

4.1.5.1 Electric field dependent (Polaron-hopping) Conductivity:

Literature Review
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This section is based on the literature review of electric field dependence on
conductivity specially, based on polaron hopping which provides a support to our
experimental observations of the electric field enhanced/derived conductivity and
conclusions regarding the ionic transitions for flash-sintering during such a situation.
There are sufficient number of literature discussing carrier transport in semiconduc-
tors under weak-moderate-strong electric field [29,30,31]. Also, there is particular
subset discussing only about those based on polaron hopping conduction mecha-
nism. Hopping is major transport mechanism in systems with strong localization such
as carriers in disordered systems [134,135], as well as small polarons in crystal
[125,136].

Application of electric field can stimulate the emission of charge carriers which
is trapped in a localized state. The emission depends upon the strength of electric
field and can be described by Poole-Frankel effect, phonon/electric field assisted
tunneling and the direct tunneling as shown by a schematic diagram in Fig. 4.16
[132,137]. It depicts three situations of carrier emission in an applied electric field.
The Poole-Frankel effect, applicable to lower electric fields, describes the increase of
the thermal emission rate of carriers in an external electric field due to the lowering of
the barrier associated with their Coulomb potential. In this situation the dependence

of electric field is described by

oo ¢ [exp{- (L)) “2)

where C is a constant, k is Boltzmann constant, T absolute temperature, ¢ barrier

Y
height, 8 barrier lowering coefficient given by g = (63 I €, Eo) % In this case,

log.o increases as a square root of the electric field. The Poole-Frankel theory is
true for smaller/intermediate range of electric fields where field acts for lowering of
barrier height and thermal excitation of carriers aid itself to cross the barrier (thermal

excitation of electric field).
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At high electric field, the conduction is mostly described by the theory of electric
field assisted tunneling; it is similar to the phenomenon of phonon assisted tunneling,
with the difference that the part of the energy is provided by the electric field. In this
case dependence is given by square of the electric field as [127,132],

(eE)213)

o X exp( 3m°h

(4.3)

where is the 7 is tunneling time and m* the effective carrier mass. Under higher
electric field, the tunneling probability increase by the lowering of potential barrier
height due to coulomb potential of charged particle. This is a crossover point where
conductivity is majorly derived from electric field effect. At sufficiently higher electric
field, a crossover occurs where charged particle can directly go to one trapping site

to another with the help of energy provided by electric field (direct tunneling). This
situation is different from Poole effect in the role of electric field.
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Figure 4.16: Potential barrier for the emission of an electron from a deep-level defect in
external electric field [127].

Compared to the present observations on electric conductivity, the case of 300
and 400°C for enhanced conductivity can be associated with the electric field assist-
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ed tunneling whereas the sudden increase of conductivity at 200°C resembles more
to the direct excitation effect of electric field. Though the fields used for MnCo204
looks to be quite small but for conductive system it can be sufficient. One example of
Poole-Frankel effect is reported for La-Fe based perovskite involving fields less than
10 Viem [137].

4.1.5.2 Flash-sintering Mechanism

The mechanism of unusually fast flash-sintering is a topic of discussion. Mate-
rials of different properties, conducting-insulating, oxides-non-oxides are reported to
show flash-effect. In all these materials, the electric field affects the conductivity of
material in an unusually non-ohmic manner which becomes the starting point of
flash-sintering. The flash-effect, therefore, involves two separate kinds of particle
motions, 1) of lighter electrons which lead to increase in conductivity and 2) heavier
ions which results to sintering. The movement of both the particles should be in the
way that electro-neutrality and stiochiometry of the materials phase is maintained.
The phase analysis of sintered samples by XRD confirms the stability of phase under
flash-sintering unless the phase reduction is inherent property of the material. So,
any mechanism should be able to account for the increased rate of the two. Based
on the observations made here on electrical conductivity, we try to analyze the
mechanism of conduction of MnCo204 in order to elucidate the ‘rather unclear’ flash-

sintering phenomenon.

The conductivity of MnCo204 spinel [2,6] is governed by the hopping of elec-
trons or oxidation states between Co3*/Co?* and Mn**/Mn® pairs [4,7]. These hop-
ping states are bidirectional and are responsible for the relatively high conductivity of

the spinel. Transitions related to cobalt states are described as:

3+ thermally activated

forward: Co Co?t + 1 oxygen site (4.4(a))

24 non-radiatve loss of energy

Co3* + loss of 1 oxygen site

(4.4(b))

backward: Co
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These transitions are thermally activated [119,124]. As temperature increases,
the number of such transition also increases and therefore the conductivity becomes
higher [119,124]. At higher temperatures, the hopping transition occurs more fre-
quently in one direction and hence the conductivity increase becomes slower. As a
consequence, a weight loss corresponding to oxygen deficiency takes place and this
behavior is well observed in thermo-gravimetry (TG) analysis [100]. The TG re-
sponse of MnCo204 spinel is shown in Fig. 4.16, the measurements having been
made at three different heating rates, 2, 5 and 40°C/min. TG curve shows a two-step
weight loss; the first at 1080°C-1320°C, the second between 1320°C and above
1500°C. The first weight loss corresponds to Co%*/Co?* while the second is associat-
ed to Mn**/Mn3* [100]. It is observed that the onset temperature for each weight loss

is independent from heating rates; however, the extent of weight loss decreases at
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Figure 4.16: Weight loss as a function of temperature for MnCo204 at three different heating
rates, 2, 5 and 40°C/min.
higher heating rates. On the basis of this observation, we expect that the same onset
temperature and weight losses decrease takes place during high heating rates of
flash-sintering. It is interesting to correlate the observations drawn from TG curve

with that of the Co-oxide phase recorded in XRD analysis (Fig 4.7). The convention-
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ally-sintered (CS) samples heat treated up to 1050°C do not show Co-oxide phase,
but at higher temperatures there is an increasing formation of CoO. These weight
loss and phase structure are reported to be reversible and can be achieved back if
cooling rate is very slow (2°C/min or less) [100]. However, at fast heating/cooling
rates as in flash-sintered (FS) samples, the possibility of retaining the transfor-
mations decreases. Therefore, the weight loss and the CoO phase formations remain
in the sample after the flash-effect. This is well evident from the XRD analysis of FS
samples, where the prominent CoO phase is observed much earlier than CS sam-

ples.

Moreover, the hopping mechanism leads to the formation and annihilation of
ionic-sites as discussed in Eq. 2 which are expected to be used for mass-diffusion. In
the context of sintering, there is the possibility of two effects to occur with such ex-
ploitable sites: 1) backward transition Co2*-Co® which reduces the generated ionic-
sites and 2) maintenance of the Co?* state which increases the life of ionic-site. The
TG and XRD analyses suggest that these effects depend on the sintering tempera-
ture. At temperatures below 1080°C, the two transitions are equally probable and
there will be no ionic-sites available for mass diffusion; this state is unfavorable for
sintering to occur. As a consequence to equal probability, no weight loss and no Co-
oxide are detected in TG and XRD study respectively. At temperature higher than
1080°C, the formation of ionic-sites is more favored than its counterpart of annihila-
tion which gives rise to weight loss and phase separation. The lower probability for
backward transition increases the life of ionic-sites (Eq. 4.4) which in return facilitates
the mass diffusion and eventually leads to the sintering. The transition related to Mn
is not discussed here as it falls out of the sintering temperature range for spinels (Fig.
4.16). By extending the ideas drawn from conventional sintering and the results
observed in our present work, we made an attempt to understand the mechanism of
flash-sintering for the MnCo204 material. The major observations found in this work

are as follows.

1. SEM images show dense grain growth by electric field (in addition to thermal)

when local temperature is greater than 1050°C. XRD analysis shows that the ex-
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tent of new phase formation is more extensive in FS compared to CS samples
treated to similar times. The phase decomposition and shrinkage occur concur-
rently in flash-sintering.

2. Systematic changes and close match of conductivities at higher temperature,
where one is associated to purely thermal effect and the other dominantly by

electric field, suggest sharing the same conductivity mechanism.

In case of flash-sintered FS925, FS975 and FS1050 samples, fast increase in
conductivity produces avalanche of ionic-sites along with the increase in the speci-
men temperature due to the interaction of electric field. As the temperature in these
cases is lower than 1080°C, the material shows incompetence for the utilization of
generated sites because of equally probable Co?*-Co®* transition. Hence, the micro-
structure is not improved (over CS) and stable-phase is observed in XRD spectra.
For the samples FS1100, FS1160 and FS1320, an abrupt increase in the conductivi-
ty brings the specimen temperature to more than 1080°C along with the generations
of ionic-sites. As these temperatures are high enough, some of Co?* states are stabi-
lized increasing the life of O-site. Out of many oxygen sites, some result in the oxy-
gen loss and some acts as site for diffusion. Faster sintering kinetics at temperatures
in excess to 1100°C causes ions/mass to utilize now-stable oxygen sites for diffusion
and hence sintering occurs. A significantly dense microstructure produced at 1100°C
and 1160°C supports such argument. From this study we conclude that the minimum
temperature required for conventional sintering is above 1080°C and we are able to
attain the required conditions at 120-150°C furnace temperature under the applied
electric field of 15.0-17.5 Vicm.

4.1.6 Summary

In summary, we have demonstrated the flash-sintering of MnCo204 spinel at
furnace temperature of 120-250°C under the electrical field of 7.5-17.5 V/cm and
current density of 1.40-1.60 A/mm?. It has been shown that the furnace temperature,
at which the flash-effect observes, can be reduced by increasing the density of the
sample. We have also demonstrated that in flash-sintering power dissipation occurs

at first, followed by Joule heating, which eventually leads to increase in local temper-
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ature. SEM analysis shows that the microstructure of the flash-sintered sample
changes to dense and pore-free morphology at specimen temperature greater than
1080°C. From XRD analysis, it is found that MnCo204 phase decomposes by signifi-
cant amounts for samples treated to 1100°C and higher temperatures. The concen-
tration of secondary phase was found higher for flash sintered samples compared to
that of conventionally-sintered at the same time. Consistent changes in |-V behavior
at different temperatures and close match of conductivities resulting from thermal
and electric effect suggested that flash-effect is assisted by the mechanism of usual
conductivity phenomenon. Correlating the sintering results, a mechanism of flash-
sintering in MnCo204 spinel is proposed: the flash-sintering is accompanied through
the natural ionic rearrangements, which occur during conductivity increase. Sintering
is found to be drastically accelerated by utilizing these ionic sites when the specimen
temperature is above 1080°C. In addition, the work clarifies the extent of local tem-
perature required for sintering which is important to know for the protective coating

application.
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4.2 Flash-sintering of Lag gSry4C0q2Feqg03 (LSCF)
4.2.1 Flash-sintering
4.2.1.1 Power Dissipation and Shrinkage

Linear shrinkage and corresponding power dissipation (i.e. product of the ap-
plied electric field and the current density through the sample) of LSCF samples
subjected to different electric field (2.5-12.5 V/cm) as functions of furnace tempera-
ture are shown in Figure 1. It is observed in Figure 1(a) that there is rapid decrease
in sample dimension (shown by vertical drops) for fields greater than 2.5 V/cm. Such
rapid effect occurred under minimum electric field of 5 V/cm and at 210°C furnace
temperature. For higher fields the sintering-effect occurred at lower temperatures and
surprisingly at 25°C under 12.5 V/cm. The shrinkage of Figure 1(a) is the subse-
quent outcome of fast increase in the power dissipation and specimen temperature
(Figure 1(b) and 2(a)); the increase of power dissipation with temperature accounts
for increase in the conductivity. For 2.5 Vicm, power dissipation or conductivity in-
creases in a gradual manner without showing any rapid change up to 900°C; the
sample is not associated to any dimension variation. Under higher fields, the power
dissipation increases with higher slope, ultimately leading to flash-sintering effect.
Under these observations, 5 Vicm is suggested to be the threshold field for LSCF
and 210°C the threshold furnace temperature which discriminate the two regimes of
electric field effect typically called “flash” and “FAST” [3, 8]. Under the rapid flash-
effect, the degree of shrinkage is controlled by the electric field and the current densi-
ty [80]. Here the maximum current density was set to a fixed maximum of 1.55
A/mm?, the electric field being therefore the controlling parameter. For this control, a
systematic increase in the shrinkage (Figure 1(a)) and correspondingly, a systematic
drop in power dissipation (inset of Figure 1(b)) are observed with electric field at the
end of 60 s hold time. Power dissipations of 370, 440 and 548 mW/mm3 were rec-
orded for 12.5, 10.0 and 7.5 V/cm, respectively; these end values reflect the conduc-
tivity increase by the electric field (material property) as well as by the sintering pro-

cess (pore removal). Moreover, as a part of flash-sintering parameters, the minimum

96



0.0 e '
“* 3
~25]*°
S *y
: 44 v
3001 —— 0.0 Vicm o,
= oy —=— 2.5Vicm °
o751, , —— 5.0 Viecm .
= « —— 6.0 Vicm o
-=-10.04 ¢ 7.5 VI
c “ —— . cm it
an 12.57 —+—10.0 Vicm 5
Bt P ——12.5 Vicm a) o
J (4
-15.0
0 200 400 600 800 1000 1200
Furnace Temperature (°C)
-z :
g10%4 .. £
«_b) 2 adomWimm® 3 [543
10* E lle o
L /—- 410112 | § ~
“ - ] > |0
E 50 P a w | >
E 104 [l | B =
= 3 £
E i S 40 60 80
c 10°4 Furnace Temp. (°C
o H
"6' o
2 10'4i ——2.5V/cm
@ i —e—5Vicm
e i ——6 Vicm
2 10°4 ——7.5V/cm
8 ——10 V/icm
16" ——12.5Vicm
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power dissipation to see flash-effect in LSCF seems to attain a steady value in the
(10.0-12.5 V/cm) which is lower than that observed in other

range of 5-8 mW/mm3
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materials subjected to similar processing procedures [3, 4, 8].

It is shown in Figure 1(a) that the onset temperature for sintering under 0 V/cm

(conventional treatment) is 850°C and almost full shrinkage is reached at about
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1300°C, and under 6.0-12.5 V/cm, the flash-sintering effect is observed at 25-170°C.
Therefore, the two methods show a large gap of processing temperature. Such flash-
sintering behavior for LSCF is associated with its semiconducting nature (up to
550°C [36]) and the required very low furnace temperatures is connected with its

high conductivity.
4.2.1.2 Specimen Temperature

The sintering behavior was analyzed by monitoring the specimen temperature
during flash-sintering. The parameters of flash-sintering-effect of LSCF samples
under different electric fields are listed in Table 4.2. Under the employed electric
fields (5.0-12.5 Vicm) and current densities (1.18-1.55 A/mm2), the maximum tem-
perature was observed to be in the range of 900-1360°C which are achieved by the

flash-effect at furnace temperatures as low as 25-210°C.

Table 4.2: Flash-sintering parameters of LSCF samples subjected to different electric fields

Electric  Furnace Max. Current Power Dissipation Specimen Temperature

Field, Temp., Density, mW/mm?3 °C

Vicm °C Almm? Peak Lowest Peak Lowest
125 25 1.55 1600 370 1360 705
10.0 45 1.55 1271 440 1280 750
75 100 1.55 940 548 1160 838
6.0 170 1.36 658 658 990 990
5.0 210 1.18 450 450 900 900

Regarding the behavior of such effect, power dissipation and specimen tem-
perature of LSCF sample subjected to 10 V/cm as functions of furnace temperature
are shown in Fig. 4.18(a). Under electric field at the onset of flash, power dissipation
increases sharply for rapid increase in the conductivity until the maximum limit of the
current is achieved (which was set in order to prevent thermal runway); the value of
power dissipation at this maximum current is reported as peak value in the Table 4.2.
After this maximum, power dissipation starts decreasing for further increase in the
conductivity. Unusually, this decrease is continuous and smooth in LSCF and contin-
ues during the 60 s hold time. The power dissipation at this stage is reported as the

lowest in Table 4.2. Additionally as a consequence of such change in power dissipa-
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tion, under 10 V/cm specimen temperature rises up to 1280°C in the same sharp
manner (Figure 4.18(a)), followed by a continuous drop to sufficiently low tempera-
ture (about 750°C) at the end of 60 s.
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Figure 4.18: Evolution of power dissipation, shrinkage and specimen temperature of a) LSCF
and b) MnCo204 samples subjected to 10 V/cm as functions of furnace temperature.

4.2.1.3 Comparison with MnCo,04

Such continuous decrease of power dissipation and specimen temperature
does not resemble the observation performed on MnCo204 shown in Figure 4.18(b).
The comparison is made because the flash-effect is initiated with a conductivity in-
crease; MnCo204, as mentioned previously, is an electronically conducting material

as like LSCF and its conductivity is controlled by similar type of mechanism. In case
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of MnCo20s4, the temperature follows the power dissipation, increasing sharply at
flash-onset and decreasing after the peak for further increase in the conductivity;
nevertheless, dissimilarly from LSCF, both parameters achieve a steady value within
5 s from flash-onset. The observed behaviors might be associated with the conduc-
tivity properties of LSCF [36] and MnCo204 [9]. Among the materials studied so far,
weakly and ionically conducting zirconia is also shown to achieve quick steady state

value [21].

4.2.1.4 Importance of Specimen Temperature and Electric field

Under the electric field derived conductivity and specimen temperature changes
(Fig. 4.2(a)), shrinkage is observed to occur during early and mid duration of 60 s
hold period when specimen temperature was recorded to be sufficiently high, in
excess to 850°C (Fig. 4.18(a)). A large portion of the shrinkage occurs within 9-11's
after the peak when the temperature is close to its maximum. The continuous in-
crease in the conductivity after the peak allows improving the densification with the
help of temperature; no shrinkage was recorded when temperature went down to
800°C (Fig. 4.18(a)). This is further realized when the hold time is extended to 120
and 300 s; in this case, the conductivity continues to increase for significantly longer
periods (Figs. 4.19 and 4.22) but without involving any shrinkage (or any improve-
ment in the microstructure); it is because the temperature is lower than that required
for densification. The present observation points out the importance of local tempera-
ture for flash-sintering and also suggests that quick increase in the conductivity,
which is suggested as the cause of defect-generation, is not the only requirement.
Conversely, in case of MnCo20s, sintering is mainly achieved during peak and stabi-
lization regime when temperature achieves its maximum and conductivity is increas-
ing (Fig. 4.18(b)); most of the shrinkage is observed in this 5 s short period. After this
period, power dissipation and temperature attain a steady value and remain almost
constant for the remaining period; the hold does not improve the microstructure by
any significant degree after this initial period (of 5-6 s), because of quick stabilization
of conductivity. In case of LSCF, the same is observed to be extended over a com-

paratively longer period of time (30-40 s) because of continuous increase in conduc-
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tivity. Such observation indicates the importance of increase in conductivity during
flash-sintering. The rapid sintering within 5 s of flash-effect is reported for zirconia
also [80].
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Figure 4.19: Power dissipation as function of specimen temperature showing stabilization.

The correlation between shrinkage, specimen temperature and conductivity im-
plies that 1) in flash-sintering temperature has the same importance as in conven-
tional process and 2) for ‘fast and enhanced’ sintering, the increase in conductivity is
a necessary condition and is not the only requirement. From the first point, electric
field does not seem to change the diffusion activation energy of ions and therefore
quick sintering is pointed to be the result of increased defect-concentrations, it is
suggested in literature also [24,28]. The increased defects concentration might be
associated with electric field through rapid increase in the conductivity. This way, the
observed power dissipation and temperature behaviors are associated with the con-
ductivity property and sintering mechanism of the considered materials, LSCF and
MnCo204.

4.2.2 Microstructure Evolution

The extent of sintering under electric field was further examined by scanning
electron microscopy. SEM micrographs of LSCF samples sintered under different
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electric field are shown in Fig. 4.20. The microstructure of conventionally sintered
samples is also shown for comparison. In order to better correlate the two sintering
methods, samples are compared on the basis of specimen temperature and are
labeled with prefix FS for flash-sintered and CS for conventionally-sintered, followed

by the temperature. Electric field treated sample FS900 (Fig. 4.20(b)) does not show

Figure 4.20: SEM images of LSCF samples, a) untreated and flash-sintered, subjected to (b) 5
Viem, processed at 210°C, ¢) 6 V/em at 170°C, d) 7.5 Viem at 100°C, (f) 10.0 Viem at 45°C (h)
12.5 Vicm at 25°C and conventionally sintered at (e) 1150°C, (g) 1280°C and (i) 1360°C.
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any significant sintering effect in the microstructure compared to that of untreated
sample (Fig. 4.20(a)). Improved microstructure with significant particle connectivity is
observed for FS990 sample (Fig. 4.20(c)). Homogeneously distributed pores and
particles structures are observed which might be as required for SOFC cathodic
application [37]. It suggests that under the electric field assisted sintering with proper
choice of parameter microstructure can be produced for porosity requirement as well.
Sample FS1150 (Fig. 4.20(d)) subjected to 7.5 V/cm is not fully dense, but shows
many inter-connected particles in a porous morphology. The evolution of morphology
by fast-sintering (1 min of total treatment time) is observed to be more evident than in
conventional-sintering (4.20(e)) where limited inter-particle connections are visible.
Sample FS1280 (Fig. 4.20(f)) produced under 10.0 V/cm is well sintered with proper-
ly connected grains. Its complementary sample produced by CS shows almost simi-
lar grain morphology but with lower grain size (Fig. 4.20(i)). However, grains in flash-
sintering are shown to be more tightly packed with each other. The microstructure
evolved under electric field is observed to be homogeneous, and regular with field
and temperature as observed in conventional-sintering. For the FS1360 sample (Fig.
4.20(h)) sintered under 12.5 Vicm, the grain size is increased significantly from ~1
pm for 10 Viem (Fig. 4.20(f)) to ~4 um (Fig. 4.20(h)). lts counterpart CS sample
shows smaller grain size. The trend of increasing grain size with temperature is
found for LSCF under electric field assisted flash- as well as conventional-sintering.
Significant changes in the microstructure are observed by 2-3 Vicm increase of elec-
tric field which is again associated with conductivity property of LSCF; small increase
(relatively) in electric fields results in a large increase in the conductivity and leads to
significant changes in the specimen temperature and so the microstructure. Moreo-
ver, the effect of electric field on sintering is regular and homogeneous unlike to the
observation on MnCo204 [8] where sintering is found to be enhanced over conven-

tional for temperatures of 1100°C and higher, and not for lower temperatures.

4.2.3 Phase stability

XRD pattern of flash-sintered LSCF sample subjected to 12.5 Vicm which
heated the specimen to 1280°C temperature is shown in Fig. 4.21. XRD pattern of
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conventionally sintered at the same temperature of 1280°C, for 2h, and raw LSCF
powder samples are also shown. All three patterns are congruent suggesting that
flash-sintering, similar to conventional-sintering, does not produce any structural
change in the LSCF sample. Peaks are matched with JCPDS file no. 049-0284 which

corresponds to rhombohedral phase of the perovskite.

JCPDS file No.: 49-0284
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Figure 4.21: XRD pattern of LSCF samples, as received powder, conventionally sintered at
1280°C and flash-sintered under 10 V/cm to the same specimen temperature.

4.2.4 Electrical conductivity of LSCF

Like MnCo204 in earlier section, flash-effect of conductivity and sintering of
LSCF is investigated by analyzing dependence of electrical conductivity on electric

field and temperature.
4.2.4.1 On Green Specimen

The conductivity behavior during and after flash effect was analyzed in sintering
experiment (on green specimen) similar to as reported in Fig. 4.17(a) by extending
the time of measurement. The electrical conductivity of green LSCF sample under
5.0 and 7.5 V/cm, constant electric field, is shown in Fig. 4.22 reporting the evolution

of power dissipation and specimen temperature as functions of furnace temperature.
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LSCF undergoes to rapid increase in the power dissipation and specimen tempera-
ture in response to the electric field; the temperature rises sharply well above the
furnace temperature in both cases. Out of the two, under 5 V/cm current at rapid
increase of conductivity reaches to 1.18 A/mm?, therefore, there is no peak like ap-
pearance as is observed for 7.5 V/cm case (Fig. 4.22(b)); in the set-up the current

was limited to a maximum of 1.50 A/mm2. Under 7.5 V/cm the
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Figure 4.22: Power dissipation and specimen temperature for LSCF samples as functions of
furnace temperature under constant electric fields: a) 5.0 V/icm and b) 7.5 V/cm. Current was
limited to maximum of ~1.55 A/mm2.
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large increase in current causes the formation of power dissipation spikes. It is ob-
served that the increasing tendency of conductivity after such flash-effect continues
for significant periods (Fig. 4.22(a) and 4.22(b)). The beginning of this increasing
tendency is shown to be responsible for flash-sintering in Fig. 4.2. With further in-
crease of time, conductivity starts to decrease which is reflected as a decrease of
power dissipation under 5.0 V/em in Fig. 4.22(a) and a increase of power dissipation
under 7.5 Vicm (Fig. 4.22(b)); the transition of increase-to-maximum-to-decrease
under 7.5 Viem is clearer in the inset of Fig. 4.22(b). A comparison of the time in
which conductivity increases by flash-effect for the two electric fields suggests that
the increasing tendency continues for a significantly longer period under lower field of
5.0 Vicm. The time and the maximum conductivity involved for such tendencies are
(26.13 min, 465 mW/mm?3) for 5 V/cm and (2.8 min, 905 mW/mm?3) for 7.5 Vicm.
Therefore, the power dissipation of LSCF under the two fields (although it looks
different because of settings in the measurement set up) follows the same trend of
rapid increase followed with a decrease. Such increase of conductivity for significant-
ly large periods is dissimilar from the observations performed on MnCo204 [22] and
zirconia [21], where the power dissipation is reported to attain a steady value within 5
s from the flash-onset. The trend of LSCF seems to reflect the traditional conductivity

behavior observed with varying temperature [36].

4.2.4.2 On Dense Specimen

4.2.4.2.1 Conductivity versus Temperature: Effect of electric field

Electrical conductivity of sintered LSCF sample (at 1300°C for 2 h) subjected to
different electric fields (0.1-1.5 V/cm) as a function of temperature is shown in Figs.
4.23 and 4.24. The conductivity in Fig. 4.23, which is observed under lower side of
the considered electric field range, increases with the temperature till a maximum,
from where it decreases. This is the usual conductivity behavior of LSCF [8,36]. The
observed conductivities are lower than the reported; it is associated to the different
experimental arrangement. The conductivity during increasing tendency is described

by the small polaron-hopping [8,36] and its temperature dependence is given by Eq.
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4.1. The linear relationship of log, (a.T) versus 1/T curve in the inset confirms the
said hopping mechanism [41]. The activation energy is calculated from the slope of
the lowest field case i.e. 0.1 V/icm, and is found to be 0.09 eV which is lower than the
reported 0.10 eV [8,36]. Such difference is associated with the Joule-heating effect
which is also manifested in the maximum conductivity-temperature (Fig. 4.23). The
conductivity attains the maximum in 300-400°C furnace temperature range which is
significantly earlier than the reported i.e. at 550°C [8,36]; Joule effect justifies such

difference.

Under relatively higher 0.4 V/cm the trend of conductivity is same but significant
deviations at lower temperatures are observed. From Fig. 4.24, under 0.5-1.5 V/cm
the conductivity starts with considerably higher values, 210-260 S/cm which are
much higher than 80 S/cm recorded under 0.1 V/cm at the same temperature, and
also with the maximum, 200 S/cm at 300-400°C (Fig. 4.23). The conductivity, after
this high initial, drops down suddenly and afterwards follows the usual increasing-
decreasing trend. Such high conductivities at 18°C which are the result of electric
field effect are not usual. It could be associated with ‘direct excitation effect’ of elec-
tric field as reported for some hopping based materials [125,127,128]. Even though

these 0.5-1.5 V/cm is quite small but for a conductive system like LSCF could be
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Figure 4.23: Electrical conductivity of sintered LSCF sample, measured under 0.1-0.4
Vlem, as a function of temperature. Inset shows the corresponding Arrhenius plot.
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Figure 4.24: Electrical conductivity of sintered LSCF sample, measured under 0.4-1.5 V/cm, as
a function of temperature.

enough for any stimulated interaction [22,137]. Under this supposition about in-
creased behavior, the initial drop of conductivity is associated with the intervention of
thermal effect on the field derived effect [22]. The rise in temperature after sudden
increase in the conductivity is clearly seen in flash kind of effect (refer to Figure 2). It
may diminish the role of the electric field for conductivity. Such competitiveness of
electric field and temperature is observed on MnCo204 also [22]. Therefore, the
electric field has strong influence on the conductivity versus temperature curves and
for the same range of electric field the conductivity goes from ohmic to non-ohmic
regime. These are the fields which do not involve with flash-kind of effect on green
samples (Fig. 4.17) but still strongly affect the conductivity of LSCF. These sharp
increases at unusual (lower) temperature can be the reason of flash-sintering effect,

possibly, if the applied field is higher and working temperature is lower than 18°C.

4.2.4.2.2 Conductivity versus Electric field: Effect of Temperature

The electrical conductivity under electric field was further analyzed by current-
voltage measurements. Figure 4.25 shows the conductivity of sintered LSCF
(1300°C for 2 h) as a function of electric field taken at 18, 100-300°C furnace tem-

peratures. The figure shows that the conductivity at the lowest temperature of 18°C
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is not constant with electric field but increases sharply from 80 S/cm to 256 S/cm
within a narrow range of field (up to 0.72 V/cm) and then decreases. This conductivity
trend clearly matches with that observed with temperature (Figure 4.23) suggesting
that electric field tunes the conductivity in the similar ways as temperature does.
Similar tendency is observed during flash-sintering also (Figure 4.22). This increase
at 18°C is, however, large and sharp but does not involve with flash-kind of effect. It
is clear from the current density plot shown in the inset of the Fig. 4.25 which shows
almost linear increase in current unlike to that in flash-effect. At 100-200-300°C,

conductivity starts with successively higher values (132-169-187 S/cm) and changes
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Figure 4.25: Dependence of the Conductivity on the electric field taken at different tempera-
tures for 1300°C-sintered LSCF. The inset shows the smooth current increase at 18°C, for
observed conductivities.

with field following the same trend as it is observed at 18°C. However, the change is
appreciably gradual and eventually reaches a maximum (212-212-200 S/cm) which
is much lower than that observed at 18°C (256 S/cm). At relatively higher tempera-
ture, 400 and 500°C, conductivity starts with 183 and 168 S/cm, respectively, and
shows decreasing tendency only with the electric field. Conclusively, there is a sys-

tematic effect of temperature on the conductivity versus electric field. The semicon-
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ducting trend of conductivity which is observable at 18°C can lead to the flash-
sintering effect. Although these temperatures are not involved with as rapid increase
of conductivity as in flash-sintering, but from systematic conductivity changes, the
flash-effect on dense specimen can be extrapolated to occur at temperatures lower

than ambient.

In order to confirm the role of the electric field, specimen temperature is record-
ed. The conductivity, during increasing trend, and the specimen temperature as a
function of electric field are shown for 18°C case in Fig. 4.26. The initial measure-
ment of temperature is restricted by pyrometer-use, but it is clear that increase in the
conductivity is followed with smooth rise in the specimen temperature which goes
sufficiently high from the furnace value. From the correlation, the maximum conduc-
tivity is observed at ~600°C, which is slightly higher than the reported, i.e. at 550°C.
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Figure 4.26: Conductivity and Specimen temperature as a function of electric field at 18°C
furnace temperature (i.e. room temperature)

Similar to 18°C, conductivity trends at other temperatures are associated with
smooth rise in local temperature. These observations suggest that the enhanced
conductivity is the results of thermal excitation of charge carriers (similar to Poole-
Frankel effect) [22,127]. But comparing the conductivity values (Fig. 4.24), the high

conductivity at lowest temperature of 18°C suggests that enhanced conductivity is
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not totally associated with thermal excitation. There is an additional effect, other than
thermal, of electric field which probably works efficiently for conductivity of LSCF
when the thermal effects are lower [22,127]. Such observation on the field enhanced
conductivity can be associated with ‘direct excitation (by electric field) or electric field
assisted tunneling of charge carriers which is similar to rather known phenomenon of
phonon assisted tunneling [127,133]. Unlike to random thermal activation, electric
field may enhance the excitation of charge carriers to a large extent by its directional
nature[138,139]. The directed effect of electric field is reported in different physical
and chemical phenomenon involving movement of charged species [138,139]. The
similar kind of observation on the |-V behavior is observed for relatively similar com-
position of (La, Sr)FeOs also which was associated with Poole-Frankel effect of elec-
tric field [127,137].

4.2.4.2.3 Comparison with MnCo,04

The observation of electrical conductivity of LSCF is correlated with that of
MnCoz0s. Figure 4.27 shows the electrical conductivity of sintered MnCo204
(1300°C for 1 h) at 200, 400 and 600°C. The corresponding specimen temperatures
for 200 and 600°C are shown in Fig. 4.28. Similar type of electric field dependent
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Figure 4.27: Electrical conductivity of sintered MnCo204 sample as a function of electric field
observed at 200, 400 and 600°C. Inset shows the conductivity as a function of temperature.
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Figure 4.28: Electrical conductivity and specimen temperature as a function of electric field
observed at 200 and 600°C.
conductivity is shown for MnCo204 and that resembles to the one recorded with
temperature, shown in the inset of the Fig. 4.27. Consistent behavior from flash-like
to FAST-like is clearly seen when temperature is increased. Curves show a nonlinear
and semiconducting behavior with electric field. The degree of non-linearity varies
with temperature and the one with stronger non-linearity at lower temperature of
200°C is reported to be responsible for flash-sintering [22]. This observation is in
support of the proposition of onset of flash-effect at temperatures lower than ambient
in LSCF because of its higher conductivity. The correlation with specimen tempera-
ture in Fig. 4.28 suggests that, at lower temperature increase in conductivity is very
sharp which raises the specimen temperature as a subsequent step and therefore,
this high conductivity is the direct excitation effect of electric field. At higher tempera-
ture the enhanced conductivity which is rather smooth comes from thermal excitation
effect of electric field. A clear cross over between the role of electric field is reported
for MnCo204 where a thermally enhanced conductivity turns to conductivity derived
thermal effect at lower temperature. Conversely in LSCF, the considered tempera-
tures do not involve with crossover behavior and the observed conductivity therefore
is associated with electric field enhanced thermal excitation of charged carriers.

Nevertheless, from consistent changes, electric field can be expected to cause the
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same crossover phenomenon at ‘more’ lower temperatures which will enhance the
conductivity by direct supplying the energy from electric field. Therefore, for both
materials, LSCF and MnCo204, undergo consistent changes and conductivity versus
electric field curve resembles that recorded as a function of temperature. Such ob-
servations on conductivity could be a general property of electronically conducting
material, more specifically of those based on polaron-hopping. The role of electric
field for conductivity is better described, depending on the temperature, by Poole
effect (higher temperature), electric field assisted tunneling (at intermediate tempera-
tures) and then to direct tunneling (lower temperatures, responsible for flash-sintering
effect). Similar kind of non-ohmic behavior of electrical conductivity is reported for
La1«Sr«FeOs perovskite [137] where the behavior is associated with Poole-Frankel
effect (with 0-10 V). This composition of La-Fe based-perovskite is comparatively

low-conducting with respect to the LSCF used in the present work.

On the basis of presented conductivity results of LSCF and MnCo204, one can
now strongly point out that the electric field can tune the conductivity in a similar way
as temperature does, but to different extent, depending on the processing tempera-
ture. Observing the systematic effect of electric field on conductivity we conclude that
these stages of conductivity under electric field follow the usual mechanism of con-

duction i.e. small polaron hopping.

4.2.5 Discussion

4.2.5.1 Flash-sintering Mechanism

The present discussion aims to identify the cause of accelerated sintering in
LSCF by investigating the source of defect centers that are believed to account for
flash-sintering at/after an abrupt increase in the conductivity. Similar to MnCo204,
The discussion begins with understanding the conductivity of LSCF and proceeds by
investigating the sintering mechanism. The fundamental results obtained on

MnCo204 are considered in order to verify the proposed mechanism [41].
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The conductivity of LSCF at any temperature is a coupled response of 1) oxy-
gen vacancy formed at A-site and 2) polaron hopping at B-site in ABO3 perovskite
type structure [35,36]. The replacement of La3* at A-site by doubly ionized Sr2* brings
about the oxidation of B-site cation (Co or Fe, preferably Fe) into its higher valence
state for charge compensation (p-type carrier) and/or the formation of oxygen vacan-
cies. From B-site, hopping of transition metal cations into their different oxidation
states controls the conductivity. In such hopping, the charge dis-proportionate, where
2 Co% — Co?" + Co** transition (providing n- and p-type carriers) is responsible for
its large conductivity. The relative importance of the two processes varies with tem-
perature, this being responsible for the specific conductivity behavior [36]. The con-
ductivity of LSCF, at first, increases (Fig. 4.23) by polaron-hopping mechanism with
temperature, up to a characteristic maximum (~550°C [36]). Beyond 550°C, the
conductivity continuously decreases up to 1200°C; such conductivity decrease is
associated to an oxygen loss from the matrix, which is also regular and extended to
higher temperatures [36]. The weight loss and the decrease in conductivity are initial-
ly dominated by changes occurring at A-site [140,141]. But above 770-780°C, these
are occurred for misbalance in hopping probabilities which causes reduction of B-site
cation; it brings about the loss of charge carriers (n- and p-type) thereby conductivity
decrease; additionally it leads to the formation of negatively charged oxygen end
which further results to the release of oxygen showing weight loss [8]. These reac-
tions, at any place under the electronic and ionic compensation, are reported in the

form of defect reaction (by using the Krdger-Vink notation) as [37,41]:
La(>f_65r(;_4B{<_xB,'c03 And La(>)(.65rc;.431x—x+2839'c—2503—8 [5V0”] +0.560; (1)
where ‘B’ is B-site cation, Fe or Co. The electro-neutrality condition is expressed as:
Stio = [Bs] +2[Vo]] @)

At sintering temperatures (in excess of 800-850°C), each thermally generated
v, is formed by reducing two B-site cations for ionic compensation. As an interme-

diate step for such reduction reaction, a charged species of {V,,” By} type forms, as
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reported in Eq. 1 which can be involved in mass-diffusion for sintering in the similar
way as suggested for MnCo204 [22]. Such formed defect structure can move as a
whole or can act as a path for diffusion, causing the shrinkage of the structure. Under
electric field, these defects structures are generated at a rapid rate, and can be
quickly involved in sintering through the support of local temperature and field giving

a flash-kind of response for shrinkage.
4.2.5.2 Role of Reduction Reaction: Correlation with MnCo0,04

Polaron hopping mechanism for conductivity is observed in MnCo204 as well.
The hopping process in spinel forms, in a similar way as in LSCF, {V, Coc,} and
{V, Mny,,} kind of defect complex. Such defect complex is proposed to be utilized
for ionic-diffusion and sintering [22]. However, one constraint is suggested about the
exploitation of such defects for sintering. The hopping continuously involves with the
formation and also, annihilation of such type of complex. The hopping (two-way
transition) did not seem to be favorable for sintering unless there is a probability
imbalance. MnCo204 spinel phase undergoes a reduction reaction via the reaction
MnCo20s—(Mn, Co)304.5+CoO+0; at 1080°C. This reaction occurs for stabilization
of forward reaction, or because of lower probability of backward reaction. Such kind
of implication regarding the use of defect complex for sintering is made from the
results of MnCo204. The microstructure of MnCo204 is reported to be enhanced over
conventional sintering when local temperature was in excess of 1080°C. For lower
temperatures, the microstructure was poorer compared to that in conventional sinter-
ing [22]. Below 1080°C, the same defect complex is presumed as being more under
the tendency to be absorbed into the lattice, not available for sintering, and is quickly
neutralized by an equally probable oxidation reaction. From these observations on
MnCo20s4, it is confirmed that the (hopping) reaction, when involved with stable re-
duction increases the availability of defects complexes, formed during polaron-
hopping, for sintering. The reduction reaction is detected with oxygen weight loss in
TG and also as a secondary phase of CoO in XRD. In LSCF the reduction reaction is
observed through weight loss only. A reduction reaction is associated with zirconia

also which involves the formation of similar kind of defect complex. This reactions
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causes blackening effect [83]. The same defect structure is suggested to be actively

participating for diffusion in flash-sintering [81].
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Figure 4.29: Weight loss as a function of temperature for LSCF and MnCo204 at 5°C/min.

Following from the role of the reaction associated with weight loss in flash-
sintering, thermo-gravimetric plots of LSCF and MnCo204 recorded in air up to
1500°C with 2°C/min are shown in Fig. 4.28. The dilatometric shrinkage plots are
also shown for comparison. LSCF shows a weight loss of 1.9% within a large tem-
perature range (550-1500°C). On the other hand, MnCo0204 shows a higher weight
loss of 5% extended over a comparatively small range of temperature, 1080-1320°C.
Sintering behavior can be estimated from such plots following the proposed mecha-
nism. The comparison of associated temperature range for two materials points out
the importance of 1080°C for enhanced-sintering of MnCo204, conversely for LSCF
all temperatures starting from sintering onset will result into enhanced sintering. From
the comparison of amount of weight loss, the sintering will occur in comparatively
slower degree for LSCF at any particular temperature because of smaller weight
loss. These predictions from TG plot are well matched with the result observed and
discussed. Even it was clear from the managing of the samples during flash-
sintering; LSCF was easier to produce perhaps because of relatively slow sintering
effect.
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Therefore, sintering in LSCF (as well as in MnCo204), electronically conducting
material is proposed to be mediated and enhanced by polaron-hopping which is

usual mechanism of conduction in these materials.

4.2.5.3 Comparison with Reported System

Nucleation of paired defects (Frenkel-pair) is the most raised mechanism/theory
of flash-sintering which can account for both, the instantaneous increase in the con-
ductivity and shrinkage rate under applied electric field [9,26]. Here, electric field is
suggested to be as possible cause for removal of ions from its lattice site creating

vacancies-interstitials.

For the case of insulating materials, the charged carriers such as electrons are
trapped into localized states. Random thermal fluctuations provide necessary energy
to these electrons to get off such localized states, electron stays in this situation for a
small period of time before it gets locked into localized state again. Poole-Frankel
effect describes that in a sufficiently high electric field, electron does not need that
much thermal energy. They gain energy from the electric field. Such effect is ex-
pected to be initiated by some local polarization of crystal lattice under electric field
[24,142]. Another result on high electric field treated MgO sample shows higher
concentration of vacancy and interstitials defects [28] and on the same basis, defect
segregation and selective melting of grain boundaries is suggested for enhanced
diffusion and rapid sintering under electric field. Such kind of observation or predic-
tion by different groups may support the formation of paired-defects by thermal ioni-

zation under electric field in insulating materials.

In weakly conducting materials such as zirconia, under the similar range of
voltage as used for flash-sintering, zirconia is reduced to zirconium causing blacken-
ing effect [83]. John et al correlated this electrolytic reduction with the observed flash-
sintering effect [81]and proposed that the defects involved in the reduction of zirconia

can be the reason for enhanced diffusion and sintering under electric field [7]. The
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observation of zircnoia is more close to the theory of flash-sintering proposed in the

present work for electrically conducting materials.

In the electronically conducting materials, conduction is rather easy process; a
large amount of charge carriers is generated under relatively small electric fields
[36,137]. In our proposed flash-sintering mechanism of materials based on polaron
hopping, the sintering is shown to be enhanced by involving a kind of reduction reac-
tion which occurs during usual conductivity increase. The effect of electric field on
hopping based conduction process is extensively discussed issue [23,24]. Under
electric field larger than the threshold, the same reaction initiates at a very fast rate
and leads to two almost simultaneous effect, conductivity and Joule-heating; both
events have importance in sintering. The highly non-linear increase in the conductivi-
ty provides diffusion-able sites at a rapid rate; these are utilized for sintering when
the temperature is sufficiently high. The large increase in the temperature or even
conductivity in conducting materials diminishes the efforts of electric field, and such

small fields could be inefficient for self-driving the ionic diffusion.

As a general idea about flash-sintering, only the initial mechanism for the nu-
cleation of charge carriers (ions and electrons) seems to be different, and it could be
general property of semiconducting nature materials, and not associated to ceramics
only. The similar kind of electric field effect on conductivity is reported for different

materials including those which are not ceramics [126,131,144].

4.2.6 Summary

The flash-sintering of LSCF has been demonstrated to occur at furnace tem-
peratures as low as 25-100°C and in time as low as 1 min under electric field of 7.5-
12.5 V cm'. This is mainly associated with the high electrical conductivity of the
material. SEM microstructure suggests that sintering effect is homogenous and regu-
lar with electric field and local temperature unlike to MnCo204 where sintering is
enhanced over conventional when temperature was greater than 1080°C [22]. Under

the employed electric field and current densities, a series of microstructure from
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porous to fully dense is produced, this allowing to tailor the cathodic material accord-
ing to the specific application. The performed work clarifies the importance of tem-
perature for diffusion/sintering and suggests the electric field to be more responsible
for producing diffusion-able sites. Sintering is proposed to be enhanced through
defect structures formed during reduction of B-site transition metal cations in polaron-
hopping mechanism. The formed defect structures are found available for sintering
when there is a second oxygen loss reaction which assures the stability of reduced
states and also the defect complex. The proposed mechanism is verified by compar-
ing the results of LSCF and that of previously reported MnCo20s4. As ultimate conclu-
sion, the very short sintering time (<1 min or 20-30 s), processing at 25-100°C and
sintering, activated-mediated by usual phenomenon can lead to improved sintering

results for microstructure and interfacial reaction in multilayer development.
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4.3 Flash-sintering of LSCF/GDC Composites
4.3.1 Flash-sintering

4.3.1.1 Power Dissipation

Out of the three LSCF/GDC mixtures, the power dissipation of the composite
with higher GDC content i.e. LSCFGDC4060 subjected to different electric fields
(7.5-20.0 V/cm) as a function of furnace temperature is shown in the Fig. 4.30. The
same, power dissipation versus temperature plot for pure LSCF and GDC phases
are shown in Fig. 4.31 for comparison of sintering parameters. It is observed that
composite similar to pure LSCF phase undergoes rapid increase in the power dissi-
pation in response to the application of electric field. This instantaneous increase is
the signature behavior of flash-sintering effect. The shrinkage is observed at these
rapid increases at temperatures shown in Fig. 4.30. Compared to conventional
treatment temperatures, composite with the help of electric field can be sintered at
very low fumace temperatures in less than a minute. With no field applied,
LSCFGDC4060 starts sintering at about 820°C and requires higher than 1400°C in
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Figure 4.30: Power dissipation as a function of furnace temperature. Shrinkage profile of
LSCFGDC4060 composite along with LSCF and GDC pure phases is shown in the inset
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order to reach full density (inset of Fig. 4.30); it involves more than 100 min whereas
in flash-sintering the sintering is achieved 740°C under 20 V/cm in 1 min of time (the
extent of shrinkage is evaluated by SEM). In Fig. 4.30, power dissipation of compo-

site, before flash-effect, increases in almost linear manner reflecting the continuous
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Figure 4.31: Power dissipation of pure phases, LSCF and GDC, as functions of fumnace tem-
perature observed under different electric field, showing difference in flash-parameter for the
two compositions

increase of the conductivity with temperature. Slopes of this linear portion under
different fields (7.5-15.0 V/cm) are almost constants over a wider range of tempera-
tures, up to 800°C, compared to that of LSCF phase. The linear increase continues
to higher temperatures for 7.5 V/icm, and until the flash-onset temperature of 905°C
for 10.0 V/cm is reached where the flash occurs via a quick increase in the power
dissipation. It subsequently leads to heating and sintering effect. The constant slope
of the power dissipation at initial temperatures reflects the addition of low conductivity
(and heat capacity) material GDC (Fig. 4.30). The first occurrence of flash under 10
Viem and at 905°C suggest these to be threshold parameters for LSCFGDC4060
composition. Conversely, the flash-effect of conductivity in constituent phases, LSCF
and GDC, starts occurring under 5 and 30 V/cm and at temperatures of 210°C and
1000°C respectively (Fig. 4.30). Substantially higher temperature for flash-onset is
required in 4060 composite compared to pure LSCF phase.
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Figure 4.32: Power dissipation of LSCF/GDC composites with different weight ratios (60/40,
50/50 and 40/60) as functions of furnace temperature

The power dissipation of LSCF/GDC composites (60:40, 50:50, 40:60, LSCF:
GDC weight ratio) under 15 V/cm as function of temperature is shown in Fig. 4.32.
The flash-sintering parameters of the three compositions are mentioned in Table 1.
All the compositions undergo rapid increase in the power dissipation which eventual-
ly leads to the rapid sintering effect. From the Fig. 4.32, composite containing higher
LSCF sinters first at a furnace temperature of 240°C. With increase of GDC, sinter-
ing happens at higher temperature of 510 and 800°C. The curves show a significant
and systematic increase in the onset temperature with GDC additions. Compared to
LSCF, composites require higher electric fields (10-20 V/cm) and higher furnace
temperatures for flash-sintering which is associated with the addition of low conduc-
tive GDC phase (right part of Fig. 4.31). Dominance of GDC in composites is reflect-
ed in gradual increase in power dissipation before the flash-onset which is clearly

seen in higher GDC content composition.

In addition to the temperature and field, the threshold power dissipation which
represents the minimum amount of energy required to drive the flash-effect is sys-
tematically increasing with the GDC content. The flash happens at 10-12 mW/mm3
for 60:40 compositions, it increased to 40 and 90 mW/mm3 for 50:50 and 40:60 com-

positions. The threshold value might be related to the mechanism of flash-effect. The
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threshold value of power dissipation is found close to 10-15 mW/mm3 for all the com-
positions of conductivities ranging from conducting MnCo204 and insulating alumina.
In case of LSCF, its value is found the lowest of all, less than 10 mW/mm3 (5-7
mW/mm3), and for GDC it is close to 10-12 mW//m3. In case of composite, this
threshold value is found higher than that of LSCF and GDC. Therefore, flash-
sintering of composite represents the versatility of the sintering scheme.

Table 4.3: Flash-sintering parameters of LSCF/GDC composites

Composition Current Density Electric field FurnaceTemperature
LSCF/GDC Wt % Almm? Viecm °C
100/0 1.50 5.0-125 25-260
60/40 0.90 7.5-20.0 220-325
50/50 0.56 10.0-20.0 350-700
40/60 0.56 10.0-20.0 750-905
0/100 0.18-0.20 30.0-120 600-990

4.3.2 Microstructure Evolution

The backscattered electron mode micrographs of LSCF: GDC composites with
weight ratios of 60:40, 50:50 and 40:60 subjected to 20 VV/cm are shown in Fig. 4.33.
The white phase corresponds to LSCF phase and black ones to GDC. Two phases
are homogeneously grown and dispersed in all the three sintered sample. The mi-
crostructure form connected grain-network of each phase for all compositions. The
grains are totally packed suggesting that under the chosen current densities, 20
Vicm is sufficient to reach full density at relatively lower processing temperatures.
Well grown and homogeneous microstructures of composites under E-field suggest
that the two phases are good compatible under the flash-sintering which starts with
increase in the conductivity and leads to sintering. The choice of the current density
is clearly realized to be an important parameter in controlling the microstructure of
composites. Under the same current density of 0.59 A/mm?, average grain size of
5050 composition is observed to be <1 um and for 4060, it is relatively higher i.e.
~2.5 pm. Being more conductive, 5050 composite requires more current in order to
have the same effect on the microstructure. It is clear from 6040 composition also
which with a higher current density of 0.90 A/mm?2 shows grains larger than that of

5050, but still smaller than 4060 composite. Such observation shows the importance
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Figure 4.32: SEM micrograph of LSCF/GDC compositse (60/40, 50/50 and 40/60 wt%) flash-
sintered under 20 V/cm, and LSCFGDC4060 conventionally sintered at 1400°C.
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Figure 4.33: SEM micrograph of LSCF/GDC: 60/40, 50/50 and 40/60 wt% composites flash-
sintered under 15 V/cm.

of current density in flash-sintering for different conductivity-compositions. Along with
20 Viem, it is well observed for the samples produced under 15 and 10 V/cm fields
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also, as shown in Fig. 4.33 and 4.34. Under the same field, compositions containing
more LSCF require higher current to guarantee the same dense microstructure.
50/50 LSCF/GDC composite is slightly more porous than 40/60 one under 0.57
A/mm?, whereas with higher current density (0.9 A/mm2) 60/40 LSCF/GDC compo-
site is dense. It also suggests that with the proper choice of current density, porous
morphology can also be produced for cathodic application. The microstructure of the
composites appears sintered to larger areas with respect to pure LSCF which is
related to the higher green density of the composites which provides more homoge-

neously distributed conductive environment around LSCF grains.

Figure 4.34: SEM micrograph of LSCF/GDC: 60/40, 50/50 and 40/60 wt% composites flash-
sintered under 10 V/cm.

4.3.3 Phase-compatibility

Compatibility of the two phases under flash-sintering is analyzed by XRD. The
pattern of LSCFGDC4060 sample flash-sintered under the highest field of 20 V/iem
along with that of untreated LSCF, GDC10 and LSCFGDC4060 composite powders
is shown in Fig. 4.35. In the pattern, there is no extra peak in the flash-sintered
LSCFGDC4060 sample, other than that of constituent LSCF and GDC phase which
confirms the compatibility of two phases under flash-sintering.
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Figure 4.35: XRD pattern of flash-sintered LSCFGDC4060 composite, along with untreated
composite and pure phase powders.

4.3.4 Electrical Conductivity of LSCFGDC4060

In the similar way as for LSCF, electric conductivity is analyzed under electric
field and temperature, in order to compare/distinguish the flash-effect of composite
from the pure LSCF phase.

4.3.4.1 Conductivity versus Temperature

The electrical conductivity of 1300°C-sintered LSCFGDC4060 composite (hav-
ing highest GDC %) sample as a function of temperature is shown in Fig. 4.36. The
conductivity of composite, observed under 0.25-0.5 V/cm, increases with tempera-
ture in a rather linear manner with respect to pure LSCF whose conductivity increas-
es in a non-linear fashion (Fig. 4.23). For the obvious reason, the conductivity has
decreased significantly, by almost one fourth with GDC addition. Under higher elec-
tric fields, the conductivity starts showing deviations, and a jump kind of behavior is
observed under a minimum field of 1.75 V/cm. In case of LSCF, the same occurred
at a minimum of 0.5 V/cm. The observed conductivity changes suggest that the by
GDC10 addition, phase has become relatively inert against electric field. The con-

ductivity changes of composite with respect to LSCF are associated with the flash-
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Figure 4.36: Electrical conductivity of LSCFGDC4060 composite as a function of temperature,
measured under different electric fields.

sintering behavior. Rather linear behavior suggests that composite needs relatively
higher field to cause a significant change in the conductivity. From the previous sec-
tions, it is clear that increase in conductivity is related with the generation of defects
which facilitates sintering. Therefore, for composite sintering the required electric
field spreads over a wider range. It is observed in microstructure also where change
of microstructure from 10 to 20 V/em is shown in Fig. 4.32 and 4.34, and for LSCF in
Fig. 4.20 it is clearly shown that a small increase of field say, from 10 to 12.5 V/cm,

causes significant changes the microstructure.

4.3.4.2 Conductivity versus Electric field

The electrical conductivity of 1300°C-sintered LSCFGDC4060 composite sam-
ple as a function of electric field, observed at different temperatures (18°C and 100-
500°C) is shown Fig. 4.37. Systematic change in conductivity versus electric field
curves with temperature is observed for composite as well. Being less conductive the
conductivity trend at 18°C resembles to flash-kind of effect shown by current density
plot in the inset figure. The current density increases in a rather faster manner com-
pared to LSCF (Fig. 4.25) representing closeness to the electric field stimulated

effect.
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Figure 4.37: Electrical conductivity of 1300°C-sintered LSCFGDC4060 sample as a function of
electric field observed at 18 and 100-500°C.

4.3.5 Summary

In this section, flash-sintering of LSCF/GDC composite with different weight ra-
tios (40/60, 50/50 and 60/40) is reported. LSCF-GDC composite flash sinters at
relatively higher temperature and under higher electric field. The sintering parame-
ters increase systematically with respect to GDC addition. The sintering effect on
grain morphology is found to be homogenous, which is a good observation for opti-
mization of porosity under flash-effect. Current is observed to be an important pa-
rameter in controlling the microstructure and the porosity. The addition of GDC to
LSCF increases homogeneity-isotropy in sintering. Electrical conductivity behavior of
dense LSCFGDC4060 composition under electric field and temperature is reported in
order to differentiate it with the pure LSCF phase. The sintering and conductivity
results are correlated and suggested that addition of GDC makes the materials sys-
tem relatively inert against electric field, so a higher field is required to bring signifi-

cant sintering.
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Chapter V

Conclusion and Future Perspective

In the present doctorate research work, the recently adopted electric field as-
sisted flash-sintering technique is applied to two electrically conducting ceramics,
MnCo204 and LSCF which are promisingly used in SOFC technology. Flash-sintering
is extended to LSCF-GDC composites which are considered as improved cathode
material compared to pure LSCF in SOFC. The motivation of the work is to under-
stand the flash-sintering behavior of conducting-edge ceramics and to evaluate the
effect of DC electric field on the electrical conductivity of two ceramics, in order to

better formulate the phenomenon of flash-sintering for practical applications.

The conducting MnCo204 and LSCF samples are densified at very low pro-
cessing temperatures, within a couple of seconds by employing a sufficiently high
electric field. These materials in sharp contrast to weakly conducting materials like
zirconia, GDC or alumina require relatively smaller electric fields and temperatures. It
is shown that, 59% dense green MnCo204 samples are sintered at 220-310°C when
subjected to 7.5-12.5 V/cm in a constant heating rate experiment, while 67% dense
sample sinters at 170-250°C. Conversely LSCF, being more conductive, needs lower
temperatures and surprisingly sinters at 25-100°C under similar fields, 7.5-12.5
V/cm. Composites show similar flash-sintering behavior, however, sinter under rela-
tively higher electric field and at higher temperature. Such flash-sintering effect of the
materials is associated with the semiconducting behavior and the requirement of very
low temperature for LSCF and MnCo204 is associated with their high conductivity.
The flash-effect of LSCF unlike to MnCo204 and other reported materials shows a
continuous increase in the conductivity which lasts for significant period of time, more
than 2 min which is unusual among the already discussed materials. Such observa-
tion is shown initially as an increase in the power dissipation and after the peak as
continuous decrease of power dissipation. For MnCo204 the power dissipation or

conductivity attains a steady value within 5 s after the flash-onset.
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The pyrometric measurement of specimen temperature was fruitful in determin-
ing the sintering behavior. It confirms that flash-sintering occurs in the same tem-
perature range as required during conventional sintering. For both oxide materials, a
large extent of the sintering is achieved within a short interval of time, just as flash
occurs and temperature reaches close to a sufficient maximum within 5-6 s duration
of time. The shrinkage of LSCF sample is significantly improved, after this initial
period, along with further increase of the conductivity. It was not the case with
MnCo20s. Following the power dissipation, LSCF experiences continuous decrease
in temperature. No shrinkage was observed when temperature under such decrease
went down to 800°C, even though it is associated with a continuous increase in the
conductivity. Such correlation between shrinkage, specimen temperature and con-
ductivity implies that 1) in flash-sintering temperature has the same importance as in
conventional process and 2) for fast and enhanced sintering, the increase in conduc-
tivity is a necessary condition and is not the only requirement. From the first point,
electric field does not seem to change the diffusion activation energy of ions and
therefore quick sintering is pointed to be the result of increased defect concentra-
tions. The increased defects concentration might be associated with electric field
through rapid increase in the conductivity. Therefore, the observed power dissipation
and temperature behaviors are associated with the conductivity property and sinter-

ing mechanism of the considered materials, LSCF and MnCo20a.

The extent of sintering is confirmed through SEM analysis. Micro-structural ob-
servations suggest similar morphology and homogeneous grain growth compared to
traditional sintering; with the proper choice of processing parameters (electric field
and current density) during flash-sintering, dense/pore-free microstructure for
MnCo204 coating or porous microstructure of LSCF for cathodic application can be
obtained in very short time. The microstructure of flash-sintered MnCo204 evolves
noticeably after specimen temperature reaches 1100°C. A clear difference in micro-
structure is observed before and after this temperature. The implication was made by
comparing the microstructure with conventionally produced samples. The sintering
was enhanced over its conventional counterpart only for temperatures higher than

1100°C. It was realized in the managing of flash-sintering experiment also; the ex-
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periment and the samples were easy to handle for <1100°C but the samples were
quickly affected (sintered) and broken if temperature was higher than this. No such
temperature discrimination was observed for LSCF and its composite samples, in
both, SEM microstructure and managing of experiments/samples. Micro-structural
observation of LSCF and composites suggest that sintering effect is homogenous
and regular with the electric field and the local temperature. Sintering is always found
to be enhanced over its conventional counterpart. Current density is noted to be an
important parameter for microstructure when dealing with different LSCF/GDC com-
positions. From XRD analysis, MnCo204 phase decomposes to CoO secondary
phase by significant amounts for samples treated to 1100°C and higher tempera-
tures. The concentration of CoO phase was found higher for flash-sintered samples
compared to that of conventionally-sintered for the same time. The growth of micro-
structure is correlated with the phase stability or vice versa. The phases of LSCF and
LSCF/GDC were well preserved in flash-sintering. The temperature observations

about phase stability are in accordance with conventional sintering.

The effect of DC electric field on electrical conductivity of dense specimens is
investigated in detail. Conductivity versus electric field curves of MnCo204 and LSCF
(also of composites) changes in a consistent manner with temperatures. For the
considered electric field range and the increasing rate, the conductivity is not con-
stant at any temperature but changes substantially with electric field following mate-
rials specific trends. The conductivity of MnCo204 continuously increases with elec-
tric field whereas LSCF shows increasing tendency followed by a decrease. The
conductivity increasing rate (degrees of non-linearity) is different at different tempera-
tures. The conductivity of composites follows the trend of LSCF but with a rather
linear manner which is associated with GDC addition. These observations suggest
that electric field and temperature can affect the conductivity in, more or less, the
same way, their relative competences vary with temperature (or vice versa). The
measurement of specimen temperature elucidates the role of electric field at higher
and low temperatures. In case of MnCo20s4, at higher temperatures (500-600°C), the
conductivity and specimen temperature simultaneously increase in a systematic
ways, suggesting that the enhanced conductivity is the result of increase in specimen
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temperature by Joule-effect. At sufficiently low temperature of 200°C, it is clearly
observed that electric field causes a rapid increase in the conductivity by its own
impact in a situation when thermal effects are very low; the rise in the specimen
temperature is subsequent effect of this conductivity increase. It is manifested in a
time lag of 2-3 s between conductivity and temperature data and the reliability of this
‘small time difference’ observation lies in that the data were recorded at a speed of
~0.17sleach data. At intermediate temperatures (300-400°C) the conductivity in-
creases are moderate, not as smooth as at higher temperature and not as drastic as
at lower temperature. The effect is intermediate of electric field and temperature
effect. So, a clear crossover between the roles of electric field for conductivity occurs.
At one side conductivity increases thermally, rather gradually and at other side con-
ductivity takes a direct sweep to higher values by electric field. In case of MnCo204 it
occurs first when temperature is 200°C and electric field is 5.18 Vicm, referred as
threshold values. This is also the point of (maximum) temperature and (minimum)

electric field where first time flash-sintering effect starts.

The consistent change of conductivity is observed in LSCF as well its compo-
sites. LSCF presents a nice system with characteristics increasing—decreasing con-
ductivity behavior which clearly displays the stimulated effect of electric field. Non-
linear behavior suggests that the 1-2 V/em is sufficient for LSCF to strongly interact
with the material. The observed changes of conductivity in LSCF are associated with
electric field derived increase in temperature. Being highly conductive flash-like effect
is not visible in dense specimen at ambient temperature; it follows from the smooth
increase in the current density with electric field/temperature. Conversely being less
conductivity, increase in the conductivity of composite at similar temperatures has
more closeness to the flash-effect. From the systematic changes, the results can be
extrapolated to realize that in dense LSCF, the flash-effect will occur at lower tem-
peratures and those higher than room temperature belongs to FAST regime. The
electrical conductivity results clearly show that the electric field may act for conductiv-
ity in two ways, 1) by thermal excitation or Joule effect and 2) by direct excitation or

energy transfer to charge carriers. Such electric field based effect from literatures
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can be explained in terms of Poole effect (electric field enhanced thermal excitation),

phonon/electric field assisted tunneling and direct tunneling.

1) At high temperature: Increased conductivity effect is better associated with
electric field enhanced thermal excitation of charge carriers (Poole-Frankel ef-
fect)

2) At low temperature: Such effect is associated with ‘direct excitation’ of carriers
where the energy is provided directly from the field (direct tunneling)

3) At intermediate temperatures: The conductivity behavior is explained as the
outcome of Phonon/electric field assistance tunneling during thermal excitation

of charge which increases the generation rate of carriers.

From the systematic ohmic to non-ohmic changes, sudden increase in the con-
ductivity during flash-effect is suggested to follow the usual small polaron hopping
mechanism and therefore, sintering is proposed to be accelerated by utilizing defect
complexes formed during this hopping. A correlation between the microstructure,
phase structure and the conductivity, suggest a constraint about the utilization of
defect complex for sintering. In hopping, the forward reduction reaction results into
generation of defect complex whereas the backward oxidation reaction of oxidation
acts for annihilation. These transitions are thermally activated and occur at the same
rate, up to a certain temperature. The formation of such defect complex is favorable
for sintering only when the reduction reaction is stable and there is probability imbal-
ance between two reactions. Such a situation probably assures the availability of
defect complexes for any other cause such as sintering. For equally probable transi-
tions, the defect complex is more under the tendency of oxidation reaction. It is real-
ized from the case of MnCo204. In this, the sintering is found to be enhanced over
conventional sintering only when the temperature is higher than 1080°C. Before this
temperature, the relatively poorer microstructure is associated as the result of sinter-
ing from rapid thermal effect. This reduction reaction is visible in MnCo204 in the form
of CoO phase and oxygen weight loss. Similar kind of reduction reaction associated
with polaron hopping is involved in LSCF also. It is visible only in the form of weight

loss which is comparatively smaller and gradual, associated to LSCF for all sintering
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temperatures. For this reason sintering is enhanced for all considered temperature
and gradual weight loss supports the observed comparatively slow sintering behavior
of LSCF.

As a final conclusive statement, the flash-sintering in polaron hopping conduc-
tion mechanism-based materials occurs by the movement of ‘reduced’ transition
metal cations following the usual mechanism. Such kind of situation is available at all
sintering temperature for LSCF and above 1080°C for MnCo204.

Future Perspective

The present thesis reports the detailed analysis on the flash-sintering behavior
of MnCo204 and LSCF electro-ceramics. The work reaches to insight of the flash-
effect where role of electric field (thermal and/or direct excitation) for increasing the
conductivity and the sintering rate is better realized. It helps to understand the evolu-
tion of microstructure and phase with electric field/temperature which is fundamental

to know for any application.

Regarding the use of this sintering scheme, the phase-stability and sintering of
electrically conductive systems, especially those based on polaron hopping conduc-
tion mechanism, is interrelated. Therefore, MnCo204 like materials for which high
temperature phase loss is a sintering issue, careful control of treatment time can
provide an optimal level of porosity and phase stability. Work remains on sintering
the materials in the form of coating on planar substrate or in other geometrical ar-
rangement. For cathode, it is shown that a series of microstructure from porous to
fully dense can be achieved by proper control of electrical parameters and time. In a
further move, flash-sintering can be used for sintering multilayer structure. Flash-
sintering is a conductivity based phenomenon, so depending upon the conductivity of
anode, electrolyte and cathode a selective flash-sintering would be a future work. For
the sintering of such multilayer’ in a parallel circuit type of electrical arrangement, the
conductive phases would tend to decrease the drop and would draw more currents

through it. Their relative thickness may play a role in controlling the sintering effect.
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