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1 | INTRODUCTION

Tarini Prasad Mishra®> |

Martin Bram? | Olivier Guillon*® |

Abstract

Cermets are ceramic metal composites. The metallic phase in the cermet typi-
cally undergoes oxidation during sintering in air. Electric field-assisted sintering
processes such as field-assisted sintering technology/spark plasma sintering
(FAST/SPS) and flash involves very high heating rates, short processing time
and low processing temperature. The main aim of this work was to see if field-
assisted sintering techniques can prevent the oxidation of the metallic phase in
the cermet. Sintering behavior of 8YSZ-5 wt.% Ni cermet was studied by three
different techniques namely; conventional sintering, FAST/SPS and flash sin-
tering. Phases and microstructure were analyzed through X-ray diffraction and
scanning electron microscopy, respectively. Temperature and time required for
sintering the samples via FAST/SPS and flash sintering was significantly lower
than that during conventional sintering. In addition, we found limited grain
growth during FAST/SPS and flash sintering. During conventional sintering in
reducing atmosphere (Ar and vacuum), Ni particles retained their elemental
state, however the extent of densification was poor in the cermet. FAST/SPS
in argon and vacuum resulted in almost complete densification (relative den-
sity > 97%) and Ni particles were retained in their elemental state in the cermet.
During flash sintering in air, the samples sintered to a high densification (relative
density ~98%), however, Ni particles were completely oxidized.

KEYWORDS
ceramic-metal systems, field assisted sintering technology (FAST), sinter/sintering

generally processed by sintering the powder mixture of
ceramic and metal. Conventional sintering is performed

Cermets are composite materials of ceramics and metals.
Cermets combine properties of ceramic such as high hard-
ness, wear resistance and compressive strength with good
ductility and fracture toughness of metals.” Cermets are

by heating the—optional net-shaped—green bodies to
high temperature for prolonged time.>* Oxidation of the
metallic phase occur during sintering of the cermet in
air which often leads to a drop in mechanical properties
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and corrosion resistance of the cermet. This can be pre-
vented by sintering in reducing atmosphere. However, now
the extent of densification of the ceramic phase may be
affected. 8 mol.% yttria stabilized zirconia (8YSZ) is one of
the most studied material for electric field assisted sinter-
ing processes. 8YSZ is a good ionic conductor and possess
good chemical and thermal stability.” 8YSZ-Ni cermets are
used as anode material of solid oxide fuel cells (SOFCs).
Ni as a metallic phase in the cermet has two functions.
On the one hand it catalyses the oxidation of hydrogen,
on the other hand it helps to provide a conductive path,
thus increasing the electronic-ionic conductivity. 8YSZ-Ni
cermets are conventionally fabricated by sintering mixture
of 8YSZ and NiO under oxidising conditions in air. Imme-
diately before operation of the cell, NiO is reduced® to
Ni by feeding reducing gas (e.g., hydrogen) through the
respective gas manifold. This step also leads to a signifi-
cant increase of the porosity. Dickey et al.” showed that
during reduction of NiO, the oxygen ions move through
YSZ lattice. If during SOFC operation air enters the anode
manifold, re-oxidation of Ni increase its volume (by 71.2 %),
which can lead to development of stresses in the cermet®
and can result in formation of cracks.” This effect degrades
the performance of the cell. If during processing of 8YSZ-
Ni cermets in air the oxidation of Ni can be prevented
by high heating rates, then the processed cermet can be
directly used in the SOFCs without undergoing the need
of additional step of reduction.

Application of electric fields adds flexibility to the sin-
tering process and offers fundamentally new materials
processing conditions to obtain materials with unique
properties.'*!! Field-assisted sintering techniques such as
field-assisted sintering technology/spark plasma sintering
(FAST/SPS)" and flash sintering"® involves high sample
heating rates and can reduce the time and temperature for
a given sintering cycle.'* In most of the cases, samples are
sintered to a high relative density with very minimal grain
growth. The FAST/SPS process involves application of low
voltage electric pulses of high current along with uniaxial
pressure onto the green body."” The green body is generally
placed inside an electrically conducting die, mostly made
of graphite. A controlled atmosphere—usually vacuum or
Argon to protect the graphite from oxidation—is main-
tained inside the setup.'® During FAST/SPS of ceramic
materials such as 8YSZ, rapid heating is caused by the
effective Joule heating of the tool and the direct heat trans-
fer from the die to the sample by thermal conduction.
On the other hand, flash sintering is a pressureless sin-
tering technique where electric field is applied across the
sample via two electrodes and the current entirely passes
through the sample, at very low furnace temperature.
Flash sintering phenomena is primarily characterized by a
nonlinear rise in the conductivity of the sample. The sam-
ple densifies in few seconds and exhibits luminescence.!”

Several phenomena associated with the electric current,
including; Joule heating,'* softening,'® electromigration,'
electroplasticity,”’ and defect generation®! are reported to
occur in the materials.

The objectives of this work involve studying the sin-
tering behavior of a cermet powder mixture (8YSZ-5Ni)
by different techniques, enabling high heating rates. We
chose 8YSZ-Ni cermet as it is widely used in SOFCs.
In the present work we chose 5 wt.% Ni to stay clearly
below the percolation limit for enabling safe flash sinter-
ing. The main focus of this study is to probe if oxidation
of the metal phase—in the present case Ni—can be
reliably avoided in the cermet by sintering with high heat-
ing rates. In the case of proving this hypothesis, main
findings of the study are the basis for transferring the
results to other cermet compositions. Variety of mate-
rials have been sintered through electric field-assisted
sintering processes; however, a comparative study has
not been performed, especially on cermets in different
atmospheres.

2 | EXPERIMENTAL PROCEDURES

2.1 | Materials

Powders of 8YSZ (TZ-8Y) were procured from Tosoh Cor-
poration having specific surface area of 14.216 m?/g and
a theoretical density of 5.997 g/cm>. The average parti-
cle size (dsg) was 155 nm. Nickel powder (T123TM Nickle
powder (CDN), Vale, France) with specific surface area of
436 m?/g was used as the metallic phase. The theoretical
density of nickel was 8.905 g/cm?, and the average parti-
cle size (dsg) was 9.4 um. Powders of 8YSZ and Ni (5 wt.%
[3.43 vol.%]) were mixed in a mortar and pestle. Theoret-
ical density of the mixture was calculated by the rule of
mixture. For density calculation of samples with oxidised
Ni, complete oxidation of Ni was assumed.

2.2 | Sample processing and
characterization
2.21 | Conventional sintering

The powder mixtures were cold pressed into cylindri-
cal pellets having diameter of 20 mm and thickness of
around 5 mm with an applied pressure of 70 MPa. The
relative density of the green pellets was ~43%. Conven-
tional sintering of 8YSZ-5Ni pellets in air was carried out
in a chamber furnace (Therm-Aix, Type 1810, Aachen,
Germany). Conventional sintering of 8YSZ-5Ni pellets in
vacuum and argon was carried out in a vacuum furnace
(HTK25 Mo/16-1G, Gero, Neuhausen, Germany). In the
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case of vacuum operation, the oxygen partial pressure was
below 10~ mbar. In the case of operation with argon,
the chamber was first evacuated and then flooded with
Ar 5.0 (purity 99.999%). For all sintering atmospheres, the
samples were heated to a temperature of 1400°C for 2 h.
The heating and cooling rate was set to 3°C/min. The
temperature was chosen to stay below the melting point
of Ni.

2.2.2 | FAST/SPS

FAST/SPS was performed in a FAST/SPS device (HP-D5,
FCT System, Rauenstein, Germany). The powder mixture
(6 g) was placed in a cylindrical graphite die of 20 mm
diameter (Graphite from SGL Carbon GmbH, Germany.
Grade SIGRAFINE R7710). A graphite foil was used to
improve the contact between the punches and the sample
and also between the punches and the die. The thick-
ness of the graphite foil (SGL Carbon GmbH, SIGRAFEX,
grade E) was .37 mm. The outer side of the graphite die
was covered with soft graphite felt (SGL Carbon GmbH,
SIGRATHERM felt, grade GFA 10) for thermal insula-
tion. A constant uniaxial pressure of 50 MPa was applied
during the entire temperature cycle. The hydraulic force
acted on the lower punch. The heating rate was set to
100°C/min. The FAST/SPS of 8YSZ-5Ni samples was per-
formed at 1300°C in two different atmospheres; vacuum
and argon. In the case of vacuum operation, the oxygen
partial pressure was approximately .5 mbar. In the case of
operation with argon, the chamber was first evacuated and
then flooded with Ar 5.0 (purity 99.999%). The samples
were held at the maximum temperature for 10 min. The
temperature during FAST/SPS cycles was measured by a
vertical pyrometer enabling to measure temperatures start-
ing from 400°C. To ensure temperature measurement near
to the sample, a @ 10 mm hole was drilled in the upper
punch and the temperature was measured at the bottom of
the hole. The distance between the bottom and the upper
face of the sample was 5 mm.

2.2.3 | Flash sintering

For flash sintering experiments, the powders were com-
pacted at an applied pressure of 70 MPa into dog-bone
shaped specimen having holes at its ends. The gage length,
breadth and thickness was 15, 3.5, and 1.58 mm, respec-
tively. The relative density of the green samples was around
45%. The samples were hung into a horizontal split tubu-
lar furnace (Applied Test Systems, USA) with the help of
platinum wires, which also acted as electrodes for applying
electric field. Platinum paste was applied in the vicinity of

the holes for better electrical contact. A DC power source
(DLM300-2 Sorensen) was used for applying the electric
field across the sample and for passing the current. The
current flowing through the sample was measured by a dig-
ital multimeter (Keithley 2000) connected in series with
the circuit. The sample shrinkage was measured though
a monochrome camera, placed in front of the furnace.
The electrical parameters were controlled through Mat-
lab program. Isothermal flash sintering experiments were
performed in air at a furnace temperature of 850°C. The
samples were held at the temperature for 15 min to ensure
uniform temperature across the sample. Then, an elec-
tric field of 100 V/cm was applied across the sample. The
maximum current density was set to 120 mA/mm?. After
onset of flash, the samples were held at the constant cur-
rent value for 35 s before turning off the power supply.
In the state of flash, the sample temperature rises signifi-
cantly above the furnace temperature. The sample surface
temperature in the state of flash was measured with a
micro-epsilon laser pyrometer. The sample temperature
was also estimated by the black body radiation (BBR)
model.

2.3 | Sample characterization

Theoretical density measurements of the powders were
performed using Ultrapyc 1200e (Quantachrome Instru-
ments) single station automatic gas pycnometer operating
in nitrogen atmosphere. The relative density of the sintered
samples was calculated by the Archimedes method. Par-
ticle size distribution (ds;) measurement was performed
by laser diffraction with LA-950V2 (Hoiba/Retsch). The
specific surface area of both the powders was calculated
using AREA-mat (Jung Instrument, GmbH) surface area
analyser. X-ray diffraction (XRD) was performed in a
Bruker-AXS/D4 Endeavor diffractometer using Cu target
(1 =1.5481 A) with step size of .02° and time per step of .75
s/step. XRD data were analyzed through TOPAS software
(Bruker AXS). The sintered samples were metallographi-
cally polished. The samples were then subjected to thermal
etching by heating the samples to a temperature 150°C
less than their respective sintering temperature in the
same atmosphere in which they were sintered, for 20 min.
The microstructural studies were performed in a Zeiss
“Ultra55” field emission gun scanning electron micro-
scope equipped with an energy dispersive spectroscopy
(EDS)-system of the Oxford Instruments (detector type:
X-max 80 mm?, software: INCAEnergy400). The samples
were coated with a thin film of platinum before the SEM
analysis. Average grain size was calculated by the linear
intercept method using Image J software. Only 8YSZ phase
was considered.
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FIGURE 1
(B) sintered at 1400°C in air at different hold times.

3 | RESULTS

3.1 | Conventional sintering of 8YSZ-5Ni
green compact

The cermet powder mixture was conventionally sintered
at1400°C for 2 h in three different atmospheres; air, argon,
and vacuum. The XRD pattern of conventionally sintered
8YSZ-5Ni sample in different sintering atmospheres is
shown in Figure 1A. In air, Ni transformed to NiO, while
it remained in its elemental state in argon and vacuum.
There was no sign of any residual Ni phase after con-
ventional sintering in air, indicating complete oxidation
of Ni in the cermet, turning it into an 8YSZ-NiO com-
posite. When conventionally sintering in air, the pellets
sintered to a high relative density (~97.2%) and the sam-
ples had a greenish appearance indicating the oxidation of
Ni. The samples sintered in vacuum and argon had greyish
appearance. The relative density was calculated assuming
complete oxidation of Ni. To know what occurs first, oxida-
tion of Ni or densification, the cermet was conventionally
sintered at 1400°C using different hold times, namely, 10,
30, 60, and 120 min. The XRD patterns of these samples are
given in Figure 1B. It can be seen that Ni transformed to
NiO even when the holding time was 10 min, at 1400°C.
The relative density of the pellet was 87.8% after 10 min
of hold time. This clearly shows that the oxidation of Ni
occurred before complete sintering of the sample. Accord-
ing to literature,’>?* Ni oxidation starts at 400-500°C. The
oxidation rate is reported to be sub-parabolic (decrease
rapidly with time) in the temperature range of 700-1000°C
and parabolic (weight gain « \/ t) in the temperature range
of 1100-1400°C.

Sqrt Intensity (a.u.)
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X-ray diffraction (XRD) patterns of conventionally sintered 8YSZ-5Ni pellets (A) in different atmospheres at 1400°C-2 h and

The microstructure of the samples sintered in different
environments is shown in Figure 2A-C. The relative den-
sity and the average grain size of the 8YSZ phase is given
in Table 1. It can be seen that the extent of densification
was higher in air, followed by vacuum and then in argon.
The average grain size was not calculated for the samples
sintered in reducing atmosphere as the sample density was
too low. The EDS point analysis on the particles confirmed
them to be NiO when sintered in air and in their elemental
state when sintered in argon and vacuum. The EDS results
are given in the supplementary file (Figure Sla and b).

For the conventionally sintered samples, the extent of
densification was less in argon atmosphere and vacuum
compared to, in air. It is worth mentioning here that for
SOFC applications, high porosity is required; however for
structural applications high density cermet is desired. Sin-
tering depends on the defect chemistry, type of defect and
the mode of mass transport. The slowest moving species
control the rate of densification.

When the cermet is sintered in reducing atmosphere,
Ni particles are retained in their elemental state. Ni can
go into the solid solution of zirconia up to 3 wt.%. Valigi
et al.”* reported that at a temperature of 500°C, Ni ions
are incorporated at the substitutional sites into the zirconia
lattice forming a solid solution (up to 3 wt.%). The incor-
poration of Ni on the surface of ZrO, particles, hinders
the sintering of ZrO, particles, thereby slowing down the
sintering process in reducing atmosphere. This could be
one of the reasons for poor sintering in vacuum and argon
atmosphere. In addition, in vacuum since there is no gas
flow or no convection to spread the heat there is improper
distribution of heat, compared to argon atmosphere.?”
This also limits the densification. Usually much higher
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FIGURE 2

SEM images of conventionally sintered 8YSZ-5Ni pellets in (A) air, (B) argon, (C) vacuum at 1400°C for 2 h. NiO (green) and

Ni (yellow) particles are marked by arrows. Related EDS measurements are given as Figure S1.

TABLE 1
Method Atmosphere
Conventional sintering (1400°C - Air
2h) Vacuum

Argon

FAST/SPS (1300°C) Vacuum
Argon

Flash sintering (850°C) Air

temperatures are required in vacuum to obtain dense ZrO,-
Y,0; ceramics.”® However, the exact reason for lower
densification in vacuum and argon needs to be probed
through further experiments.

3.2 | FAST/SPS of 8YSZ-5Ni powder
mixture

FAST/SPS of the 8YSZ-5Ni samples was performed in inert
(argon) atmosphere and vacuum at 1300°C with 10 min of
holding time. The heating rate was kept at 100°C/min. The
relative piston movement with respect to time is shown in
Figure 3A. It can be seen that the relative piston movement

Relative density and average grain size (8YSZ phase) in the 8YSZ-5Ni cermet, sintered by different techniques

Average
Relative grain size
density (%) (um) Phases present
97.21 3.79 8YSZ and NiO
75.75 8YSZ and Ni
68.58 8YSZ and Ni
98.43 1.06 8YSZ and Ni
97.48 1.01 8YSZ and Ni
97.6 1.22 8YSZ and NiO

is similar in both the atmospheres, indicating same extent
of densification. In the case of argon, the main densifica-
tion appears at slightly higher temperatures with a AT of
approximately 20°C (not shown here). The XRD pattern
of the sintered samples in Figure 3B shows that during
FAST/SPS, Ni retained in its elemental state in argon and
vacuum. The samples had a greyish appearance even after
removing the graphite layer. The microstructure of the sin-
tered pellets is shown in Figure 3C and D. The relative
density and the average grain size are mentioned in Table 1.
The extent of densification was better in FAST/SPS than in
conventional sintering. In addition, the average grain size
of 8YSZ phase was smaller. The heating rates in FAST/SPS
are much higher than conventional sintering, in addition
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FIGURE 3 (A) Densification curves of spark plasma sintered 8YSZ-5Ni pellets in different atmospheres, (B) X-ray diffraction (XRD)

patterns of spark plasma sintered 8YSZ-5Ni pellets in different atmospheres and SEM images of the sintered samples in (C) argon and (D)

vacuum.

to the applied pressure. The EDS results of the FAST/SPS
samples are given in Figure S2.

In the microstructure of the FAST/SPS samples espe-
cially in argon, pores were observed around the nickel
particles, showing lower extent of densification in the
8YSZ phase. This is due to the effect of a rigid inclusion
(Ni particle/agglomerate), which are dense and there-
fore induces some tensile stresses in the surrounding YSZ
matrix and residual porosity.”’ The ZrO, matrix is densify-
ing into rigid Ni particles, applying compressive stress on
the particles.

3.3 | Flash sintering of 8YSZ-5Ni green
compact

Flash sintering of 8YSZ-5Ni powder mixture was per-
formed in air. The initiation of the flash is followed by
a nonlinear rise in the specimen’s electrical conductiv-
ity. A constant heating rate experiment was performed at
an applied electric field of 100 V/cm to know the min-
imum furnace temperature required for flash sintering.

The sample flash sintered at a furnace temperature of
796°C. Isothermal flash sintering experiments were per-
formed at a furnace temperature 50°C higher, that is, at
850°C. The current density limit was set to 120 mA/mm?.
The samples were held in the state of flash (stage III) for
35 s. The total duration of the flash sintering experiment
was 50 s. The laser pyrometer recorded the sample sur-
face temperature to be 1190-1200°C in the state of flash
(stage III of flash, when constant current flow through
the sample). The estimated sample temperature from black
body radiation model’® was around 1340°C in the state of
flash. The emissivity was taken to be .9 for the pyrometer
and BBR model. It can be seen that the sample tem-
perature estimated by BBR and measured by pyrometer
are around 100°C different. The difference in the BBR
and the pyrometer temperature points toward an energy
deficit.”’ This energy is absorbed within the sample to
generate point defects. Hence a part of the power dis-
sipated in the sample is consumed in defect generation
and rest is lost in radiation.”” In addition, the pyrome-
ter measures only the surface temperature of the sample.
The radiative and convection heat loss from the surface
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FIGURE 4

(A) Electric parameters during isothermal flash sintering experiment, (B) X-ray diffraction (XRD) pattern of flash sintered

8YSZ-5Ni sample and (C) and (D) SEM images of the microstructure. NiO particles are marked by arrows.

might induce thermal gradient and surface is at lower tem-
perature than the core during flash sintering. This could
be another reason for the variation in sample tempera-
ture estimated by BBR model and measured by pyrometer.
The electrical parameters (current density and the power
density) from the flash sintering experiments are plot-
ted in Figure 4A. The XRD pattern of the flash sintered
samples showed peaks corresponding to NiO, and no
peaks of Ni were observed (Figure 4B). The microstruc-
ture of the sintered sample is shown in Figure 4C and D.
The samples had greenish appearance due to Ni oxida-
tion. The grain size of NiO was larger than that of 8YSZ
phase. The relative density and the average grain size are
reported in Table 1. Pores were observed at the interphase
between 8YSZ and NiO. Some long interconnected pores
were observed, apparently formed by the accumulation of
many pores. The EDS results of the flash sintered sam-
ples are given in Figure S3. Flash sintering experiments
were not performed in reducing atmosphere. Very recently
it was reported that flash sintering of 8YSZ in reduc-
ing atmosphere resulted in poor densification, compared
to air.>"

4 | DISCUSSION

YSZ and NiO have low wettability, are immiscible, and
do not react with each other over a wide range of
temperatures.®' Matsushima et al.>” reported that the tem-
perature at which sintering begins in 8YSZ, is not affected
by NiO content. The authors also reported that the extent
of densification reduced as NiO content increased (from
40 wt.% to 60 wt.%) above 1300°C. However, in the present
case, the amount of NiO was much smaller, below the
percolation threshold. Therefore, it is expected that its
influence on the extent of densification of the composite
mixture in the composite would be negligible. Presence
of NiO would not change the sintering characteristics of
8YSZ.

We can clearly see a reduction in furnace temperature
and time when moving from conventional sintering to
FAST/SPS and then to flash sintering. This shows the effec-
tiveness of electrical energy in accelerating the diffusion
kinetics to densify the cermet faster and at lower tem-
peratures. In ideal case, this could lead to energy savings
during manufacturing of cermet, but scaling up of these
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technologies is still at the beginning. The applied exter-
nal fields in the FAST/SPS and flash sintering experi-
ments help in fast firing during sintering. Although the
applied electric fields are low in FAST/SPS, current pass-
ing through the die is very high. The conductive graphite
die transfers the heat to the sample by thermal con-
duction. In flash sintering, the applied electric fields are
relatively high and the total current is low; however, all
the current passes through the sample. The three sin-
tering techniques involve different processing conditions,
process parameters, and involve different mechanisms of
mass transport. However, a simple comparison of the three
processes can be performed by comparing the involved
sample heating rates. Here, we can incorporate the effect
of the electrical parameters (field and current) in terms
of sample heating rate. The heating rates affect the sin-
tering behavior of the materials in several ways. The high
heating rates enable high sintering ability of the pow-
ders. Zhou et al.>* showed that by increasing the heating
rates from 50 to 300°C/min, the sintering time reduced
by six times during FAST/SPS of alumina. This indicates
that the shrinkage rates are proportional to the heating
rates. It is to be noted here that the extent of densifi-
cation is controlled by the final temperature and not by
the heating rate. During conventional sintering, the non-
densifying mechanisms (surface diffusion, lattice diffusion
from surface, and vapor transport) operate at lower tem-
perature and the densifying mechanisms (grain boundary
diffusion, lattice diffusion from grain boundary, and plastic
flow) operate at high temperatures. High heating rates are
known to strongly limit the non-densifying mechanisms
and promote the densifying mechanisms already at lower
temperature.>*3> At early stages of sintering, the surface
diffusion is suppressed. This delays the spheroidization of
the pore and grain boundary diffusion starts to operate
early. The high heating rates in FAST/SPS (100°C/min)
and flash sintering (~1000°C/min)*® increase the driving
force for densification of particles and help in suppressing
the grain coarsening. During FAST/SPS the applied load
also contributes to densification. Wang and Raj*’ reported
that the densification rate is inversely proportional to the
forth power of the grain size. Hence, a small increase in the
grain size will lower the densification rate. The high heat-
ing rates in FAST/SPS and flash sintering keeps the grain
size small and this in-turn promote high densification rate.
In addition, electric field is known to retard the grain
growth, thereby retaining the fine-grained structure. It is
to be noted here that in Wang and Raj analysis®’ the grain
size power depends on the mechanism of diffusion. If the
densification rate is controlled by lattice diffusion, n = 3
and for grain-boundary diffusion n = 4.

The activation energy of Ni oxidation is reported to be
180-240 kJ/mol, which is similar to Ni lattice diffusion

at 154-254 kJ/mol.** At temperature below 1000°C, NiO
growth is dominated by the diffusion of Ni through the
grain boundaries of growing NiO and above 1000°C, by
lattice diffusion. We observed that Ni particles oxidized
when sintered in air, independent if done by conven-
tional sintering or flash sintering. The high heating rates
in flash sintering could not prevent the oxidation of Ni in
the cermet. From the methods investigated in this study,
FAST/SPS appears to be the best technique to obtain dense
cermets with fine grain size.

Several athermal effects of electric field are reported to
occur during flash sintering. During flash sintering, it is
reported that point defects are generated in the material
far above the equilibrium value.? The high diffusion rates
along with high concentration of vacancies can enhance
the oxidation rates. It will be interesting to see whether
sintering and oxidation occur together, or one predomi-
nates the other during flash sintering. Such experiments
need to be performed in-situ. The effect of electric field
on the kinetics of solid-state phase reaction (oxidation)
is an interesting phenomenon and can be studied fur-
ther. Finally, we would like to mention that the scope of
the present study was to investigate if oxidation of the
metallic phase (here Ni) in cermets can be avoided by
applying high heating rates beyond 100 K/min when con-
ducting sintering in air. For proving this hypothesis, we
used a model material (8YSZ - 5 wt.% Ni), which does not
have a practical relevance for structural or electrochemical
applications.

5 | CONCLUSIONS

In the present work, sintering behavior of 8YSZ-5Ni cermet
was studied by three different methods namely, conven-
tional sintering, FAST/SPS and flash sintering. The main
aim was to see if oxidation of Ni in the cermet can be pre-
vented by sintering techniques which involved very high
heating rates. Below are the specific conclusions.

1. There was a decrease in furnace temperature and time
required for full densification of 8YSZ-Ni cermet from
conventional sintering to FAST/SPS to flash sintering.
The short sintering time will be useful to the industries
for faster production.

2. The relative density of the samples sintered conven-
tionally and by flash sintering, in air, was 97.2% and
97.6%, respectively, and the average grain size of 8YSZ
phase was 3.8 and 1.2 um, respectively. For the sam-
ples sintered conventionally in vacuum and argon, the
relative density was 75.8 and 68.6%, respectively. The
relative density of FAST/SPS samples in vacuum and
argon was 98.4 and 97.5%, respectively, with the average
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grain size of 8YSZ phase being around 1 um in both the
cases.

3. Conventional sintering in reducing atmosphere
retained Ni in its elemental state in the cermet; how-
ever, the extent of densification was poor. In air, though
the densification was good, Ni particles oxidized. The
Ni particles were completely oxidized during conven-
tional and flash sintering, when sintering was carried
out in air.

4. The high heating rates in flash sintering could not
prevent Ni oxidation.

5. Our results reveal that FAST/SPS is the best technique
to obtain dense and fine grained 8YSZ-Ni cermet.
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