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ABSTRACT OF THE DISSERTATION

Flash Sintering of Multiphase Ceramic Composites
By
David Kok
Doctor of Philosophy in Materials Science and Engineering
University of California, Irvine, 2019

Professor Martha L. Mecartney, Chair

The method of using an applied electric field during the sintering process (flash
sintering) has the potential to be a cost and energy saving method for the manufacturing of
many ceramic products. Since flash sintering is still an emerging field of research, most of
the work has been centered on single phase systems. This study will evaluate the viability
of applying flash sintering to a multiphase composite system; more specifically ceramic
composites consisting of Al203 (alumina), 8 mol % yttria-stabilized zirconia (8YSZ), and
MgAl204 (Spinel). Various flash sintering conditions were studied, as well as in-situ
characterization methods. By tailoring the flash sintering parameters, fully dense, fine
grained, three-phase composites were formed with improved mechanical properties.
Reaction sintering was also found to be possible with flash sintering of multiphase
composites, with the formation of high alumina spinel specifically. In addition, 8YSZ was
discovered to have a catalytic effect with flash sintering. The results of this study show that
flash sintering has promise as a quick and energy efficient method to sinter complex

systems as well as form unique phases when applied to ceramic composites.

XV



CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1 Introduction

Field assisted sintering techniques (FAST) involves the application of an electric
field during the sintering process (Figure 1.1). Two aspects of FAST are flash and fast
sintering. Both sintering methods involve the application of an electrical field during
sintering without any applied pressure and has been shown to be a novel method to
quickly densify ceramics.1-¢ In flash sintering, densification under an electric field occurs in
seconds, at a threshold temperature and field, which is accompanied by a non-linear
increase in conductivity.! Fast sintering can be considered a separate but related
phenomenon, when the rate of densification is enhanced by the application of an electric
field but there is no abrupt densification. Fast sintering occurs at lower applied voltages
compared to flash sintering.3 ¢ This study will limit its scope to only flash sintering,

although it is noted that fast sintering itself merits further investigation.
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Figure 1.1: Flash and fast sintering apparatus (Cologna et al.3)



The ability to rapidly densify ceramics at lower temperatures than normal sintering
temperature allows flash sintering to be potentially a large energy and cost saving method
to produce fully dense ceramics. Conventional sintering of 8 mol % yttria stabilized
zirconia (8YSZ) requires a furnace temperature hold of 1500°C for 12 hours for a
theoretical density of 97%.7 This equals to a power consumption of ~ 20 kW if done in a
medium sized laboratory furnace. In results shown later in this manuscript, approximately
the same density can be achieved with flash sintering of 8YSZ at a furnace temperature
hold of 1550°C for 6 minutes. Even accounting for the additional power being applied to
the sample, the power consumption is only ~ 2.5 W or 13% of the power required
compared to conventional sintering. Lowering sintering temperatures can also allow for
the reduction of grain sizes in fully dense materials, which can lead to improved mechanical
properties as well as increased super plasticity.8 ° This would allow for the development of
a fine-grained size multiphase inert matrix nuclear fuel for higher efficiency, increased
stability, and improved radiation damage tolerance.’-1# In-situ X-ray diffraction (XRD)
experiments have shown that flash sintering can also increase the kinetics of phase
reaction between different phases and promote new phase formation.?> This has shown
that flash sintering has the potential to allow for the development of a novel processing
route for the formation of complex or new phases though the use of multiphase ceramics
and flash sintering.

The scope of this study will include 1) the effects of flash sintering on two- and
three- phase ceramic composites 2) how flash sintering can be used to reaction sinter
ceramics or form non-stoichiometric composites 3) the mechanical properties of flash

sintered single phase and multi-phase composites. This will allow for a better understand



of flash sintering and its effect on composite materials. Furthermore, this study aims to
progress the transition of flash sintering from the research laboratory setting to industrial
application by highlighting the beneficial applications of flash sintering.
1.2  Review of Flash Sintering
1.2.1 Overview of Flash Sintering

Initial studies on flash sintering were conducted by the Raj research group in with
Cologna et al. publishing the first data of flash sintering of 3 mol % yttria-stabilized zirconia
(3YSZ) in 20101, In this paper, the first sintering curves with flash sintering show the rapid
densification that can be possible (Figure 1.2). Ever since, flash sintering has been a
quickly emerging field of study.16:17 A review paper published in 2017 by Yu et al. list 71
different unique papers published on the flash sintering of various materials from oxides to

non-oxide ceramics and composites (Figure 1.3).17
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Regardless of material, all flash sintering experiments follow the same general
procedures and trends. An electric field applied is directly to the sample during the
sintering process. This is typically done with platinum electrodes, but some experiments
has been carried out with other types of high conductive metals.1® Experiments also have
been done with contactless plasma electrodes with successful results.1® The flash sintering
process is described by three distinct stages.2? A pre-flash incubation period (Stage 1) is
followed by rapid densification and increased conductivity (Stage II), and finally, a quasi-
steady-state, current-controlled state called Stage III. Examples of each of the stages can be
seen in Figure 1.4A. The plotting of power density as a function of temperature or time can
also be used to show the process of flash sintering (Figure 1.4B). The power density spike
in this plot correlates with the onset of flash sintering or Stage II in the flash sintering

process.
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At the onset of flash sintering, the power supply is switched to current control in
Stage III. This is done to limit Joule heating to prevent thermal runaway.21 While the
temperature for the onset of flash sintering depends on the applied field, the final density
depends on the current flowing through the specimen.* 22

The mechanisms for flash and fast sintering are still controversial but three main
proposals have been mainly highlighted. Strictly Joule heating has been early debated as
the mechanism of flash sintering since very beginning of flash sintering research, with
Cologna proposing a rapid rise in grain boundary temperatures may be an important factor
in flash sintering!. More recently evidence for Joule heating during thermal runaway, and
localized melting of particles causing enhanced densification have strengthen the theory of
flash sintering being solely related to Joule heating.23-26

Another proposed mechanism of flash sintering is Frenkel pairs nucleation caused
by the electric field.3 27.28 |n this hypothesis, the electric field causes both cation and anion
form interstitials and vacancies. The electric field also forces electron hole pairs from the
Frenkel pairs to recombine, resulting in the Frenkel pair becoming charge neutral relative
to the lattice. This charge neutrality results in higher mobility of the Frenkel pairs.
Sintering pressure than drive the interstitials to the pores and the vacancy to the grain
boundaries, resulting in densification.

More recently, electrochemical reduction has also been offered as a proposed
mechanism for flash sintering, particularly in ionic conductors.17.29-31 Early on in flash
sintering experiments of zirconia blackening of the material was observed, particular in the
cathode region.! As flash experiments progress, this blackening continued to be observed

in zirconia as well as alumina2% 309 A explanation for this is that the applied electric field



causes a electrochemical reduction starting at the cathode region (Figure 1.5). This
reduction can eventually progress to the anode as more oxygen ions migrate from the
anode as electrons move away from the cathode. As the reduction is taking place, the

conductivity of the sample increases until the flash event occurs.

/Electrochemical blackening

I/Metal electrode
e VO e
@ O
‘e.
Anode Cathode

0o — VO ' +20, + 2¢'
Partial reduction

VO +2e'-VO +e' — VO

Figure 1.5: Electrochemical reduction mechanism for flash sintering (Biesuz et al.3%)

1.2.2 Comparing Flash Sintering to Spark Plasma Sintering

Flash sintering is often compared to spark plasma sintering (SPS) due to both
methods utilizing an applied electric field while sintering. Although both methods of
sintering do share this common trait, SPS is vastly different sintering process. In SPS
sintering is done with mechanical pressure with the powder contained in a electrically
conductive die, usually made of graphite (Figure 1.6).32 No external heating elements are
used in SPS, with high temperatures generated with a pulsed DC current is passed though
the die. This allows for very high heating rates, as much as 1000°C/min33 The field
involved with SPS is typically low voltage and high current, whereas is flash sintering
usually involves a high voltage and low current electric field.16:32 The role of the electric
field also differs between flash sintering and SPS. In flash sintering, the field is applied
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directly to the sample to the sample. With SPS Joule heating of the die is the main reason
the current is applied during SPS, although modeling of the current flow has shown that the
current can pass though the sample itself.34 35 [t should be noted that the process of SPS
can be referred to as various names, but SPS is the most widely accepted name for this

process.34

Pulsed DC

Graphite
Die —
Powder
Graphite
Spacers

Figure 1.6: Diagram of Spark Plasma Sintering (Munir, et al.32)

1.2.3 Newest Development of Flash Sintering

One of the most promising aspect of flash sintering is how rapid the sintering
process occurs, but this is a disadvantage in terms of conducting research due to the
sintering occurring within seconds. To increase the sintering time with flash sintering, a

current ramping profile was developed.3¢ This procedure involves ramping up of the



current at a set rate after the onset of flash, instead of a large current jump usually done in
conventional flash sintering experiments (Figure 1.7). This allowed for the sintering
process to be extended from seconds to minutes.3¢ Using this current ramping profile also
was found to be an effective method to control the flash sintering process by preventing a
large current injection into the system. 37.38 This prevent inhomogeneity of the

microstructures in the sintered sample by limiting the form of localized hotspots.3”

3 gg i Flash Sintering
L=
S o} Current Ramp
20 | -
oL | |

(A/em?)
n

Current Density Electric Field

*

Figure 1.7: Current ramping profile compared to conventional flash sintering (modified
from Phuah et al.38)

The use of flash sintering as a method to reaction sinter ceramics has also recently
gained traction. The formation of BiFeOs from reaction flash sintering of Bi2z03 and Fe203
was shown to be achievable in a single step3°. Highly dense, single phase MgAl204 has also
been formed by reaction flash sintering of MgO and Al2034% 41, High quality eutectic

compositions have also been shown to be possible to produce by reaction flash sintering.*2
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In all of the above cases, an enhanced solid state reaction is observed during the reaction
flash sintering processes.39-42

Other developments with flash sintering include utilizing flash sintering for other
purposes than sintering. Ma et al. has using flash sintering as a method to pyrolyzed SiOC
at 500°C lower than conventional pyrolysis methods for SiOC.#3 The almost
instantaneously joining of two ZrO2 of ceramics at 600°C has also been demonstrated with
flash sintering.#* As flash sintering is becoming more researched, organizations such as the
US Army Research Laboratory and Oak Ridge National Laboratory have shown interest in

flash sintering for national defense and nuclear energy needs.4>-47
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CHAPTER 2: EXPERIMENTAL SET-UP AND PROCEDURES

2.1  Starting Materials and Composite Synthesis

Commercial starting powders of cubic 8 mol % yttria stabilized zirconia (8YSZ)
(Tosoh TZ-8YS), spinel (Baikowski S30CR) and alumina (Taimei TM-DAR) were used for
this study. Two- and three- phase composites were made by mixing the individual
components in a Union Process attritor mill. Milling was done with 1 kg of alumina or
zirconia milling media to 35 g of powder. Isopropyl alcohol was then added to the media
and powder to a level line just above the media. Attrition milling was done for 8 hours to
ensure a homogenous mixture. After attrition milling was completed, the slurry was dried
with a rotary evaporator and sieved to 106 pm.

For mechanical testing, cylindrical samples were made by cold isostatic pressing
(CIP) with an Avure CIP. This began with the powders being packed in silicone molds.
Filling of the molds was done in small intervals with intermediate tapping to ensure no
void spaces were present. The filled molds were than taped shut and vacuumed sealed in a
balloon and tied off. This was then placed inside of the CIP and pressed at 55 KPSI (~380
MPa). The formed ceramic green bodies by CIP typically had a green body density of 50-55
% theoretical density.

Dog-bone samples (Figure 2.1) were required for all the flash sintering experiments
in this study. To make these samples, polyvinyl alcohol binder (Sigma-Aldrich) was mixed
in with the powders for better structural integrity during the green body forming process.
This was done by dissolving 2.5 weight % of the binder into 100 mL of water before adding
in the milled and sieved powder. The resulting slurry was than dried at 100°C overnight

and sieved again to 106 um. Custom machined dog-bone molds were than filled with the
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powder and green bodies were pressed with a uniaxial Carver press at 300 MPa. Finally, a
binder burn-out was done at 600°C for 1 hour. The dog-bone green bodies formed in this
matter had a 50-54 % theoretical density. The dog bone samples were made with holes at
each end with a gage length of 10 and 20 mm, and a cross section of approximately 3.5 mm
x 1.3 mm.

Cuboid samples for in-situ experiments were also pressed with a uniaxial Carver
press with the sample binder burn-out step as dog-bone samples. A pre-sintering step was
also done at 900°C for 1 hour. This was done for added structural integrity of in-situ

samples, due to the additional handling of the sample required for these experiments.

Figure 2.1: Example of dog-bone shaped ceramic green body after pressing
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2.2  Experimental Set-Up at CSU Boulder

Initial flash sintering experiments were carried out in collaboration with Prof. Rishi
Raj’s research group at their laboratory in CSU Boulder. The ends of the dog-bone samples
were lightly coated with platinum past (SPI Supplies) to ensure a good electrical contact.
The sample was than suspended inside a vertical tube furnace using platinum wires
hooked into the holes at the ends of the dog-bone sample. The platinum wires also served
as electrodes and were connected to a DC high voltage power supply (Glassman). The
voltage and current were monitored and controlled with a Keithley digital multimeter and
computer running a custom MATLAB program. An industrial camera (Imaging Source)
equipped with an IR filter lens (Edmund Optics KG-3) was also connected to the computer

to take still images and video during the flash sintering process.

Green Body

Power
Supply

Multimeter

/\

Furnace
E

Computer

Camera

Figure 2.2: Diagram of the experimental set-up at CSU Boulder
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2.3 Experimental Set-Up at UC Irvine

After initial experiments at the Raj lab, a flash sintering set up was built at UC Irvine
based on the set up at CSU Boulder. At UC Irvine, a horizontal tube furnace (ATS Series
3420) is used for easier sample loading. The ends of the dog-bone sample are coated with
platinum paste (SPI Supplies) and attached to platinum leads at each end of the dog-bone.
The platinum leads are than connected to Kanthal wires that serve as electrodes. The
Kanthal wires are insulated from each other inside of individual alumina tubing. An
alumina support system was also fabricated to support the electrodes inside of the
horizontal tube furnace. The same type of hardware as the set up at CSU Boulder is used at
UCI in terms of high voltage DC power supply (Glassman), digital multimeter (Keithley),
camera (Imaging Source), and IR filter (Edmund). All the hardware is connected to a
computer with a modified version of the MATLAB program from CSU Boulder to run the
flash sintering experiments and to collect data.
2.4 In-Situ Experimental Set-Up
2.4.1 Argonne National Laboratory

In-situ experiments at Argonne National Laboratory (ANL) were conducted at
beamline 33BMC of the Advance Photon Source (APS). Platinum wires were wrapped
around both ends of the length of a cuboid sample, and platinum paste (SPI Supplies) was
applied to ensure good electrical contact. A thin sliver of platinum paste (1 mm wide) was
applied to one side of the samples to measure the sample temperature.
The platinum wires were connected to a power supply (Sorenson) and a digital multimeter
(Keithley). The samples were heated inside a quadrupole lamp furnace (QLF).48 All

experiments were conducted at furnace temperature held constant at 1250°C.
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The sample was placed on an alumina sample holder for stability and was then
positioned in the hot zone of the furnace. The QLF was also configured to allow for the
incident x-ray beam to travel through the sample and the diffracted beam to impinge on a
Pilatus 100K 2D image plate detector (DECTRIS). The wavelength of the X-ray beam was
setto 0.7749 A (16 kV) for all the in-situ experiments. Due to the physical size of the
detector, the angular collection range of the detector was 4°.

2.4.2 Brookhaven National Laboratory

In-situ experiments at Brookhaven National Laboratory (BNL) were done at the
National Synchrotron Light Source II (NSLS-II). A monochromatic beam of wavelength
0.18668 A (corresponds to beam energy of 66.415 keV) was used at X-ray powder
diffraction (XPD) beamline 28ID. The sample was attached to an alumina rod, with
platinum wires, which also sever as electrodes to apply field. After wrapping the platinum
wire at the sample ends, the gage length left on the sample was 4 mm. Platinum paste (SPI
Supplies) was applied near the wires for better electrical contact. Platinum paste was also
applied to a small section of the gauge area of the sample to be used as a standard for the
calculation of the sample temperature during flash sintering. The sample was then placed
in the hot zone of a quadrupole lamp furnace set to 1250°C. The lamp furnace was
configured in such a way as to allow the incident X-ray beam to fall on the sample and the
diffracted beam to fall on an amorphous silica-based flat panel detector (Perkin-Elmer). An
electric field was applied with a DC power supply (Sorensen). Current flowing through the

sample was monitored through a digital multimeter (Keithley).
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CHAPTER 3: INITIAL STUDY ON FLASH SINTERING OF THREE-PHASE

COMPOSITES

3.1 Abstract

Three-phase ceramic composites constituted from equal volume fractions of a-
Al203, MgAl204 spinel and cubic 8 mol% Y203-stabilized ZrO2 (8YSZ) were flash-sintered
under the influence of DC electric fields. The temperature for the onset of rapid
densification (flash sintering) was measured using a constant heating rate at fields of 50-
500 V/cm. The experiments were carried out by heating the furnace at a constant rate.
Flash sintering occurred at a furnace temperature of 1350°C at a field of 100 V/cm, which
dropped to 1150°C at a field of 500 V/cm. The sintered densities ranged from 90-96%.
Higher electric fields inhibited grain growth due to the lowering of the flash temperature
and an accelerated sintering rate. During flash sintering, alumina reacted with the spinel
phase to form a high-alumina spinel solid solution, identified by electron dispersive
spectroscopy and from a decrease in the spinel lattice parameter as measured by X-ray
diffraction. It is proposed that the solid solution reaction was promoted by a combination
of electrical field and Joule heating.
3.2 Experimental Procedures

The sample was held at 600°C for 1 hour to burn out the binder. Next the electric
field was applied, and the furnace was heated at a constant rate of 10°C/min. The flash was
signaled by a rapid increase in conductivity and the power supply was switched to current
control when the current reached a preset limit (called Stage II). The sample establishes a

quasi-steady state of flash under current control (Stage III); this state was held for 30
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seconds, when power was turned off and the furnace allowed to cool down. Current limit
values were selected from experience with flash sintering experiments with other oxides.#°
The final density of sintered samples was measured using the Archimedes method.
Gauge sections of sintered samples (between the two electrode ends) were polished and
thermally etched at 1150°C for 30 minutes (or 1100°C for 30 minutes for samples flash
sintered at 1150°C) and coated with iridium for SEM analysis. Grain size analysis and
microstructure characterization was conducted using SEM/EDS (FEI Magellan XHR SEM
with Oxford EDS Detector) and XRD (Rigaku SmartLab XRD).
3.2  Results and Discussion
3.3.1 Temperature Ramp Flash Sintering
The linear shrinkages under different applied DC voltages with a current limit of 25
mA/mm? and a furnace temperature ramp of 10°C/min are shown in Figure 3.1. The field
and current conditions, the sintering temperature, the final density, and the final grain size
are summarized in Table 3.1. The flash temperature decreases with higher applied electric

field, consistent with earlier experiments.22
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Figure 3.1: Sintering effect of different applied electric fields with current controlled at 25
mA/mm?

E-Field (V/cm) Current (mA/mm?) Furn. T (°C) Calc. Sample T (°C) Density (%) Grain Size (nm)

0 0 1450 1450 74 400
50 25 1430 1490 95 650
100 25 1350 1450 96 600
250 25 1230 1390 94 520
500 25 1150 1330 90 470
250 75 1230 1500 95 1500

Table 3.1: Experimental parameters, calculated blackbody radiation T, density, and grain
size data
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Conventional sintering, without an applied field shows that sintering progresses to
only 74% density even at 1450°C. At low applied fields, for example 50 V/cm, a resultant
density of 95% is obtained. At 100 V/cm sintering occurs partially in the flash mode,
reaching a final density of 96%. At 250-500 V/cm, the abrupt onset of densification, which
is a feature of flash sintering, can be seen. At 250 V/cm, the sample densifies within
seconds at 1230°C with a density of 94%. At 500 V/cm flash sintering occurs at 1150°C
with a final density of 90%. The actual sample temperature can be higher than the furnace
temperature due to the power dissipated in the sample. The calculated sample
temperature in Table 1 was derived from a model that relates the specimen temperature to

power dissipation and black body radiation (Equation 1.1).15

Ion+ M(K)]m (1.1)

T, emoTy \A

where T is the specimen temperature, To is the furnace temperature, Wv is the power
density expended in the specimen in units of mW mm-3, em is the emissivity, 6 = 5.67 x 10-8
W m-2 K- is the Stefan Boltzmann constant, and V/A is the volume to surface area of the
specimen in units of mm. The validity of this model has been confirmed by in-situ
measurements of thermal expansion at the Advanced Photon Source.15 27

The power dissipation is calculated from the product of the applied electric field
(V/cm) and current density (mA/mm?2). Itis plotted as a function of furnace temperature
in an Arrhenius plot in Figure 3.2. The three stages of flash sintering are represented on
this plot. The linear power increase (corresponding to the activation energy) represents

Stage I. The abrupt rise in power dissipation signals the onset of the flash, or Stage II.
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Finally, Stage III is the shown by the quasi-steady state under current control; it was briefly
held for 30 seconds and then the power to the specimen was turned off. The power density
curve (Figure 3.2) shows the different behavior of samples that experience pure flash
sintering (250V, 500V) and those with a combination of flash and fast sintering (100V,
50V). Samples there are flash sintered show a sudden deviation from linearity going from
Stage I to Stage II. A more gradual transition is seen with the samples that do not undergo
pure flash sintering as has been observed for other ceramic systems.2%.50 Stage IIl is seen at
the maximum power density, where the current control regulates a constant power applied
to the sample. The lowering of the flash temperature with a higher applied field is also

seen in Figure 3.2, as commonly observed for flash sintering.4?
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Figure 3.2: Arrhenius plot of the power dissipation with different applied electric fields and
currents

The ability of flash sintering to quickly densify these samples at low temperatures
should result in limited grain growth in the final microstructures of the samples.>0-52
Scanning electron micrographs of the composites sintered under different applied electric

fields are shown in Figure 3.3-3.9. The darkest gray grains correspond to spinel, medium
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gray is alumina, and the light gray corresponds to 8YSZ. An average grain size is lowest for
the highest field: 470 nm at a field of 500 V/cm and a current limit of 25 mA/mm?.
3.3.2 Formation of High-Alumina Spinel

A higher current limit of 75 mA/mm? and 250 V/cm resulted in a very large grain
size of 1.5 pm. At the same time alumina is absent in this specimen suggesting its
dissolution into the spinel phase as solid solution. X-ray diffraction data shown in Figure
3.10 compare the results for the specimens obtained without the electric field as well as
those sintered with 250 V/cm at 25 mA/mm? and at 75 mA/mm?. At 75 mA/mm? the
diffraction peaks from alumina are missing. The corresponding microstructure shown in
Figures 3.9 and 3.9 also shows the absence of alumina grains. This composite is now

approximately 1/3 8YSZ and 2/3 spinel.
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Figure 3.4: SEM micrograph of three-phase composite with an applied field of 50V; 25mA
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Figure 3.6: SEM micrograph of three-phase composite with an applied field of 250V; 25mA
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Figure 3.8: SEM micrograph of three-phase composite with an applied field of 250V; 75mA
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Sium

Figure 3.9: Backscatter SEM images of three-phase composite with an applied field of 250V;
75mA
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Figure 3.10: XRD patterns of the comparison of increasing current density
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Figure 3.11: XRD patterns of the spinel peak shift with increasing current density
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Figure 3.11 shows that the XRD peaks from the spinel phase are systemically shifted to

higher 20 angles, which indicates a reduction of the lattice spacing in the spinel crystal

structure expected in non-stoichiometric spinel solid solution when Mg?2+ is replaced by

Al3+.53 Table 2 also shows that in instances where the alumina is retained, the lattice

parameter for spinel remained essentially unchanged. Figure 3.12 shows the relationship

between Al/Mg ratio and the lattice parameter determined by XRD.

Sample 8Ysz  ALOs  MgALO;  EDS EDS MgAl,0;
Lat. Par. (A) Lat. Par. (A) Lat. Par. (A) Atomic Al/Mg Composition

MgAl,Os - e a=28.083 2.2+0.1 MgO « 1.1 AlLO3

(1500°C, 12 h)

3-Phase a=5.142 a=4.761 a=28.068 3.0+£0.2 MgO « 1.5 ALLOs

(1500°C, 12 h) ¢ = 12.998

oV; OmA a=5.143 a=4.759 a=807% - e

(1450°C, 305) ¢ =12.992

50V; 25mA a=>5.142 a=4.760 a=238.054 2.8+0.2 MgO ¢ 1.4 AlLO3

(1430°C, 305) ¢ = 12.995

100V; 25mA a=>5.144 a=4.756 a=28.044 3.2+0.2 MgO « 1.6 Al,O3

(1350°C, 305) ¢ = 12.994

250V; 25mA a=5.143 a=4.761 a=28.031 3.6+£0.2 MgO « 1.8 ALlLOs

(1230°C, 30s) c=12.999

500V; 25mA a=>5.136 a=4.758 a=8.057 3.1+0.1 MgO ¢ 1.6 Al,O3

(1150°C, 305) c=12.984

250V; 75mA a=5138  --—---- a=17.988 6.2+0.4 MgO « 3.1 AlLO3

(1230°C, 305)

Table 3.2: Lattice parameters and compositions of conventionally and field assisted

sintered samples listed with calculated temperatures from Table 3.1
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Figure 3.12: Lattice parameter as a function of atomic % Al/Mg

The Al/Mg ratio in the spinel grains was measured by EDS analysis of all samples.
EDS analysis on conventionally sintered single-phase spinel using the same powders as for
the three phase samples, shows that the starting spinel was close to being stoichiometric,
MgOe1.1 Al203. For conventionally sintered single-phase spinel, the lattice parameter as
measured by XRD matches the PDF file 00-021-1152. The conventionally sintered three-
phase material has a slight increase in the Al/Mg ratio, MgOe1.5 Al203. which could be due
to dissolution of alumina in the spinel after sintering for 12 hours at the high temperature
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of 1500°C. Under 250 V/cm at 25 mA/mm? the spinel composition deviates significantly
from the starting nearly stoichiometric composition; it is now Mg0e1.8 Al203. At a current
density of 75 mA/mm? the composition is further enriched in alumina to Mg0e3.1 Al20s.
The decrease in lattice parameter of spinel correlates with EDS measurements of higher
alumina content in solid solution and with higher current density (Figures 3.11 and 3.12).
The case of 500 V/cm at 25 mA/mm? is an exception since here the Al/Mg ratio and the
spinel lattice parameter is observed to decrease relative to 250 V/cm at 25 mA/mm?,
which may be a result of the much lower flash temperature at this field.

The phase diagram in Figure 3.13 shows that the solubility of alumina in spinel
increases with temperature.>* Accordingly, from thermodynamic equilibrium the spinel
composition is expected to be Mg0Oe¢1.5A1203 at 1500°C, which matches the composition
measured in the conventionally sintered specimen that had been held for 5 hours at
1500°C. In contrast, for the case of 250 V/cm and 25 mA/mm?, where the specimen
temperature during the flash is estimated to be only 1390°C, EDS analysis yields a much

higher alumina content, MgOe1.8 Al20s.
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Figure 3.13: MgO - Al203 equilibrium phase diagram (modified from Hallstedt>4).
Temperature for formation of MgOe3Al203 is highlighted

At 250 V/cm and 75 mA/mm?, when the calculated temperature of the specimen
would have reached 1500°C but for only 30 seconds, the spinel composition is MgOe3Al20s3,
which is hugely different than the prediction from the phase diagram. The phase diagram
predicts this composition of the solid solution to be possible only at 1700°C, highlighted in
the phase diagram in Figure 3.13. If all the alumina is consumed to produce a non-
stoichiometric spinel, this would correspond to an Al203/MgO molar ratio of 0.80/0.20 on

the phase diagram in Figure 3.13 with a single-phase spinel conversion temperature of

33



1800°C. Therefore, we attribute the formation of single-phase spinel at a sample
temperature of 1500°C within 30 seconds to the electric field effect of flash sintering.

Currently the role of 8YSZ in the flash sintering of the three-phase samples are
unknown. Deviations in the 8YSZ lattice parameters (Table 3.2) are seen in the 500V;
25mA and 250V; 75mA samples. This phase may need to be present in a minimum
concentration to promote flash sintering. Previously published research on binary
compositions of tetragonal zirconia (TZP) and alumina demonstrated that flash sintering is
enhanced by the addition of TZP, which is attributed to increased conductivity from the
presence of the zirconia phase.20. 55

The spinel microstructures in Figures 3.8 and 3.9 has some features reminiscent of a
melt, but according to the phase diagram melting would require temperatures above
2000°C. Enhanced creep is expected under high electric fields22 but creep due to
intergranular liquid phase formation should also be considered. Eutectic liquid phases can
form at high temperatures (= 1715°C for Al203-Y203-Zr025¢ and = 1807°C for Al203-MgO-
Zr02°7). However, no pockets of residual amorphous intergranular phases were observed.
It is possible that there were some loss of MgO from the spinel>® during flash sintering in
the sample where only solid solution spinel was found but no alumina phase, since the
measured composition of MgOe3.1 Al203, corresponds to Al203 molar fraction of 0.76,
whereas the starting powders contained 0.80 molar Al20s.
3.4 Conclusions

Flash sintering of a three-phase composites constituted from equal volume fractions
of alumina, spinel, and 8YSZ under a DC electric field produced samples with > 90% density

in a few seconds at furnace temperatures of 1150-1430°C. The temperature for flash
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sintering dropped from 1350 to 1150°C as the electric field was increased from 100 V/cm
to 500 V/cm. The transition to flash occurred at a power density of 6-20 mW/mm3
regardless of the electric field. Higher fields led to a smaller grain size by lowering the flash
temperature; an average grain size of 470 nm at a field of 500 V/cm and current density of
25 mA/mm? was obtained. Increasing the power density to 600 mW/mm3 by increasing
the current density to 75 mA/mm? at a field of 250 V/cm resulted in dramatic grain growth
as well as the dissolution of alumina to form a solid solution of spinel of composition

Mg0e3Al1203 in just 30 seconds.
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CHAPTER 4: IN-SITU STUDIES ON FLASH SINTERING OF THREE-

PHASE COMPOSITES

4.1 Abstract

In-situ X-ray diffraction measurements at Argonne National Laboratory (ANL)
shows that a-Al203 and MgAl204 react nearly instantaneously and completely, and nearly
completely to form single-phase high-alumina spinel during voltage-to-current type of flash
sintering experiments. The initial sample was constituted from powders of a-Al203,
MgAl204 spinel, and cubic 8 mol% Y203-stabilized ZrO2 (8YSZ) mixed in equal volume
fractions, the spinel to alumina molar ratio being 1:1.5. Specimen temperature was
measured by thermal expansion of the platinum standard. These measurements correlated
well with a black body radiation model, using appropriate values for the emissivity of the
constituents. Temperatures of 1600-1736°C were reached during the flash, which
promoted the formation of alumina-rich spinel. In a second set of experiments the flash
was induced in a current rate method where the current flowing through the specimen is
controlled and increased at a constant rate. In these experiments we observed the
formation of two different compositions of spinel, MgOe3Al203 and Mg0Oe1.5A1203, which
evolved into a single composition of MgOe2.5A1203 as the current continued to increase. In
summary, flash sintering is an expedient way to create single-phase, alumina-rich spinel.
A follow up in-situ experiment was done at Brookhaven National Laboratory (BNL). Using
the higher in-situ scan rate at BNL, the solid solution reaction of alumina and spinel was

observed to occur < 1 second.

36



4.2 Experimental Procedure

At ANL data was recorded in total scan mode or local scan mode. In total scan mode,
the detector traverses the full range of 20. In local scan mode, the detector remains fixed at
a specific 20 angle and captures the diffracted peaks with 4°. Local scan mode allows for
more rapid scans (one scan per 3 seconds). Due to the fast sintering times of flash
sintering, in-situ data could be collected only in the local scan mode. PDF files for cubic
8YSZ (# 00-030-1468), spinel (# 00-021-1152) and alumina (# 01-070-7346) were
converted to the synchrotron radiation wavelength and used for peak identification and
indexing.

The shift in the (111) platinum peak was measured in the total scan mode and
converted into specimen temperature using the standard values for the thermal expansion
of platinum.>® This baseline temperature calibration was obtained by heating the sample to
different temperatures without applying an electric field. The calibration curve is shown in
Figure 4.1. The sample temperature during flash sintering was determined from this curve.
Note that a platinum standard was necessary because of the evolution of different phases,

with different lattice parameters?> 39,
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Figure 4.1: The calibration of the specimen temperature measured by the shift of the (111)
peak of platinum

Flash sintering experiments at APS began by heating the furnace with the sample in
position for 5 minutes to allow for equilibration of the sample temperature at 1250°C.
Before the onset of flash sintering, at 1250°C 8YSZ has the highest electrical conductivity
(0.52 S/cm) of the three phases. This is followed by spinel (5 x 10-4 S/cm), and alumina (2
x 10-5 S/cm).3.60.61 Two categories of flash experiment were conducted. The first set of
experiments utilized a voltage control to current limiting profile. The magnitude of the
electrical fields and the current limit for these experiments are given in Table 4.1.

In the second set of experiments, a current ramping profile was used. The current
was increased at a constant rate of 25 mA/min until it reached the current density of 85
mA/mm?. In these current ramping experiments, the flash sintering process is slower

which allows more detailed analysis of the spinel phase transformation. Table I list the

38



parameters for these experiments. The diffraction data in the total scan mode, was taken
before and after the flash. In the case of the experiments done in local mode, in-situ data at
a scan rate of one scan per 3 seconds was done.

A follow up experiment was done at BNL with the same flash sintering conditions
used at ANL for current ramping experiments (Figure 4.1). Due to the faster scanning rate

at BNL, full 20 scans were able to be done with a scan rate of one scan per second.

Experiment Field (V/cm) Current (mA/mm?) Flash Profile
Type
ANL (Total Scan) 450 75* Current Limiting
ANL (Local Scan) 450 85* Current Limiting
ANL (Local Scan) 450 (max current) 85 Current Ramping
BNL 450 (max current) 85 Current Ramping

Table 4.1: List of experiments conducted at ANL and BNL

4.3 Results and Discussion
4.3.1 Full Scan Experiments at ANL

The total-scan diffraction patterns for the current limiting profile taken before and
after flash sintering are shown in Figure 4.2. The scan before flash sintering shows the
three starting phases. However, the alumina peaks are absent in the scan taken after flash
sintering. Atthe same time the spinel peaks are more intense and shifted to the right

suggesting a decrease in the lattice parameter.
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Figure 4.2: SEM microstructure of three-phase composites flash sintered with a current
limiting profile (A) 250V /cm; 25mA/mm? (B) 250V /cm; 75mA/mm?
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A shift in the zirconia peaks is also seen and thought to be due to the effect of the dopants.62
The XRD data in Figure 4.3 matches previous observations, where high alumina spinel was
formed during flash sintering.63

The in-situ data for the local scan experiment is shown in Figure 4.4. The 20 range
for the local scan was chosen so that peaks from all three phases, as well as the platinum
(111) peak could be included. Note that the dissolution of alumina and formation of high-
alumina spinel occurred within one scan, that is within 3 seconds, between the second and
the third scan. The formation of high-alumina spinel also corresponds to a large jump in
temperature measured with the platinum standard, 1405°C to 1736°C (as described later).
In the current ramping profile, residual amounts of alumina can still be seen in Figure 4.4,
but the bulk of the alumina was consumed in forming the high-alumina spinel. Video of the

in-situ data can be found in the supporting information published by Kok et al.t4
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4.3.2 Current Ramp Experiments at ANL and BNL

In contrast to the current limiting experiments where the sintering occurs quickly at
the onset of the flash, the process occurs more slowly in current ramping experiments
where the current is injected and increased at a constant rate. Figure 4.5 shows the power
density curves for the live experiments; they illustrate the difference between the flash
sintering profiles for current limiting and currenting ramping experiments. In current
limiting experiments the powder density rises quickly at the onset of the flash and reaches
a plateau as the power supply is switched to current control. In current ramping
experiments the power dissipation spikes at the onset of the flash and then continues to

rise as the current is increased.
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Figure 4.5: Power density curve of current limiting and current ramping flash sintering
profiles

The current ramping experiment slows down the spinel phase transformation, as
shown by the data in Figure 4.6. The onset of the flash is indicated again by a large increase
in temperature of 1384°C to 1526°C (the measurement of the temperatures is described in
more detail in the following section), between the scans at 45.5 seconds and 48.6 seconds.
As the current increases, the (311) spinel peak splits into two distinct peaks. The intensity
of the right peak begins to decrease with time and increasing current density, with the left
peak shifting to the right. The double peak eventually evolves into a single (311) spinel

peak of the high-alumina spinel phase. Again, a small amount of residual alumina remains.
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The temperature profiles obtained from the platinum standard are discussed in the

following section.
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The in-situ experiment carried out at BNL shows that the formation of high-alumina

spinel during the flash sintering of the three-phase composite occurs within 1 second

between the voltage control stage to the onset of flash sintering (Figure 4.7). In the voltage

control stage, there is an increase of the sample temperature as indicated by the shifting of

the platinum standard peaks. At the onset of flash sintering, the platinum peaks are no

longer detected. This is attributed to the brief melting of the platinum standard at the



onset of flash. As the flash sintering progresses to the current control stage, the limiting of

the Joule heating in this stage reduces the sample temperature enough so that the platinum

standard re-crystalizes and the platinum peaks are again detected.
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Figure 4.7: In-situ XRD experiments done at BNL (XRD scans shown before and after the
on-set of flashing, with each scan being 1 second apart)

4.3.3 Measurements (Pt Standard.) and Black Body Radiation Estimate of

Temperature

As shown with Jha et al, using a blackbody radiation equation (Equation 4.1) can be

an effective method to estimate the sample temperature during flash sintering.15

. 1ooowy (K)]1/4 (4.1)

emoTy \A
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where T is the specimen temperature, T, is the furnace temperature, Wv is the power
density expended in the specimen in units of mW mm-3, em is the emissivity, 0 = 5.67 x 10-8
W m-2 K- is the Stefan Boltzmann constant, and V/A is the volume to surface area of the
specimen in units of mm. In this section we report the best possible estimate of the
specimen temperature by two methods, the black body radiation (BBR) model of Equation
(1) and measurements of thermal expansion of the platinum standard.

Both methods have constraints. The BBR model applies only when the specimen is
in the steady state, as is the case for current limiting experiments where the power density
remains at a plateau. In the current ramping experiments where the power density is
constantly increasing the steady state BBR model is not applicable since the electrical
energy partitions in to specific heat and the radiation loss. Thus, the BBR model only is
applied to the experiment where a current limiting profile is used.

The platinum standard method also has constraints since as shown in Figure 4.1 the
calibration extends only up to about 1400°C since beyond that platinum paste begins to
volatilize and the (111) peak becomes faint, as can be seen in Figure 4.6. High
magnification of the peak at higher temperatures is shown in Figure 4.8. The dashed line
shows the extrapolation of the calibration curve from Figure 4.1. The extrapolation
extends to 1736°C, which is just below the melting point of Pt, 1768°C. These peaks are
difficult to resolve, so the results presented for the temperatures estimated from them are
subject to a degree of uncertainty. Nevertheless, these results are presented for the sake of

being as complete as possible.

46



177.6s

1693°C /\_

1596 s

jeee I\ S

1416 s

e _/—\/\-’\’\
e et ' e

123.6 s

1608°C ,_f—/\m

105.6 s
1601°C A

(111)e

69.6s
1530°C

\ I \ I \
0.432 0.433 0.434 0.435 0.436

11d (A7)

Figure 4.8: (111) Platinum peak shift and calculated temperatures during current ramping
flash conditions

The application of the BBR model requires knowledge of the emissivity, which is
both material and temperature dependent. For YSZ an emissivity value of 0.9 seems
appropriate.?’ Literature values for the emissivity values®> 66 for Al203 and MgAl204 were
extrapolated to 1600°C; they were 0.47 for Al203 and 0.19 for MgAl204. Due to the large
differences in the values for the three phases, the rule of mixtures and the inverse rule of

mixtures was used to estimate the upper bound and lower bound for the emissivity of the
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composite; they were 0.52 and 0.35. A lower emissivity value predicts higher specimen
temperature since it reduces the energy lost to black body radiation.

In the case of current limiting experiments, the BBR model is acceptable since the
power density reaches a plateau indicating a steady state in the specimen temperatures.
The estimated BBR temperature, using the emissivity values given just above, as well as the
temperature estimated from the platinum standard are shown in Figure 4.9. The Pt-
standard method predicts the sample temperature during the steady state of flash to lie
between 1670-1736°C. These range falls within the upper and lower bounds calculated by

the black body radiation using the higher and lower values of the emissivity.

- === Upper (0.335)
2200 - 1
_ 450 V. cm B — Lower (0.52)
2000 4 85 mA mm A Inl-situ.XRD
] Zirconia (0.9)

Calculated In-Situ T (°C)

T
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Time (s)
Figure 4.9: Calculated black body radiation temperatures compared with temperatures

calculated from in-situ temperatures from the platinum standard. Calculated black body
radiation temperatures with zirconia emissivity (0.9) is also shown for reference.
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For comparison the prediction using emissivity of 0.9, the accepted value for zirconia, is
also shown; it predicts lower specimen temperature. It is to be noted that the data for
emissivity of various materials are not readily available and carry a significant degree of
uncertainty.

The current ramping experiments have the advantage that the sample temperature
rises more gradually, being controlled by the rate at which the current is increased.
However, being a non-steady state process only the Pt-standard method is applicable. In
Figure 4.6 the (111) Pt peak is seen to shift as the power density expended in the sample
increases. The Pt peaks grow faint above ~1400°C, and the exploded view of the peaks,
shown in Figure 4.8, which carries a degree of uncertainty, was used to estimate the
specimen temperature.

The measurement of the specimen temperature by the Pt-standard method while
the power density increases are shown in Figure 4.10. The data was obtained from
successive local scans. In this plot we see that the specimen temperature rises from about
1485°C to 1525°C at the onset of the flash, and then continues to rise to about 1675°C until
the end of the experiment. The dissolution of the a-alumina phase begins at about 1500°C
with the development of the second peak for spinel, and is completed by about 1640°C.
However, measurable amount of alumina is retained even after the experiment ends and

the furnace is cooled down, as shown by the diffraction spectra in Figure 4.6.
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Figure 4.10: Calculated in-situ temperature from the platinum standard from current
ramping experiment at ANL

The comparison between the evolution of the spinel phase is different in current
limiting and current ramping experiments as shown by Figures 4.4 and 4.6. In the current
limiting experiment, the transformation is faster and more complete (although some
residual alumina remains) than in the current ramping experiment. Furthermore, the
splitting of the spinel seen in current ramping is not seen in the current limiting
experiment.

4.3.4 Kinetics of Phase Transformation

In this section the kinetics of the reaction is analyzed in terms of a previous study of
the reaction between alumina and spinel to form non-stoichiometric spinel.®8
Using Fick’s second law and the high alumina spinel composition from previous data

(MgOe3Al203), the reaction time could be calculated based on the grain size of spinel.t3
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This analysis is based upon Fick’s second law (Equation 4.2) and shown as an illustrated

schematic in Figure 4.11.

Cx_Co
Cs_Co

=1—erf(; j‘m) (4.2)

where we insert the following values for the parameters for the present work,

Cx = Conc. At x (0.75 mol% alumina)

Co = Initial conc. att =0 (0.5 mol% alumina)
Cs = Surface con. at x = 0 (1.0 mol% alumina)

x = Distance (surface to middle of spinel grain)
D = Diffusion coefficient (1736°C)

t =Time

ALO,  MgOeAlO,

[
-

C;= 100 mol%|C,= 50 mol%
Al,O; Al,O4 G=0.75

Figure 4.11: Diffusion schematic of the formation of high alumina spinel

The average particle sizes of the three-phase starting material was ~ 250 nm, but
the average grain size of the high alumina spinel after flash sintering was determined from
SEM analysis to be 1.5 pm. The reaction times, calculated from Equation 2, based on 0.5,

1.0, 2.0, and 3.0 pm spinel grain sizes are summarized in Table 4.2.
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Initial Spinel Calc. Reaction
Grain Size (um) | Time (s)

3.0 5.6

2.0 2.5

1.0 0.6

0.5 0.2

Table 4.2: Reaction time to form high alumina spinel based on initial spinel grain size at a
temperature of 1736°C

These results suggest that the temperature reached during flash sintering in this study may
have been sufficient for the formation of high alumina spinel starting with a spinel grain
sizes of 2 um or smaller, with the caveat that the specimen temperature was estimated
from faint and rather broad peaks of platinum as shown in Figure 4.8. It should be noted
that this temperature estimation assumes that the applied electric field does not influence
the grain growth kinetics during flash sintering. Both grain growth reduction and
enhancement during flash sintering have been reported.5 29 60.69-71 The reaction time of
formation of high alumina spinel in this study has already been determined to be 1 second
or less though in-situ XRD at BNL. The purpose of calculating the reaction time with Fick’s
second law is to reaffirm that this reaction is possible within 1 second with the
temperatures determined from the in-situ XRD measurements. This does not preclude the
possibility that the electric field influences diffusion and is just an approximation.
4.3.5 High-Alumina Spinel Compositions

The current ramping experiments at ANL, was distinguished by the evolution of two
adjacent peaks for (311) spinel (Figure 4.6). Eventually the two peaks merged into a single

peak before the end of the experiment. Due to the transient nature of the two (311) spinel
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peaks, the spinel composition associated with these peaks was determined from EDS
results of bulk experiments in which samples of different high alumina spinel compositions
were formed (Figure 4.12). The lattice parameter of the high alumina spinels associated
with the transient spinel peaks were then adjusted for temperature and were determined
to have a composition of Mg0e3.0Al203 (7.9947 A) and Mg0+1.5A1:03 (8.0476 A). This
suggests that two separate compositions of non-stoichiometric spinel formed initially. As
the current was increased, the two stoichiometries converged into Mg0Oe2.5A1203 (8.0046
A).

Formation of alumina-rich spinel is due to Al3* occupying Mg?* sites in the spinel

structure, but the mechanism by which this defect is charged balanced is under debate.”2 73

The defect compensation maybe due to Al3* vacancies:
(4Al1,05 + 3Mg’1\(,lg + Al}, - 3A11(\)/Ig + V;; + 3MgAlL,0,)
or by Mg2+ vacancies:

(441,05 + 3Mgy = 2A13, + Virg + 3MgAl;0,).7475
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Figure 4.12: EDS results of atomic Mg/Al in Spinel in samples of high alumina spinel of
various compositions

Cation incorporation energy calculations have shown that neither mechanism is
thermodynamically preferred over another, so that both may occur together.”2 Flash
sintering has been observed to result in the generation of defects in other flash sintered
materials.?8 76 The formation of non-stoichiometric spinel has also been found to be
controlled by the generation of defect clusters.”? These defects may explain the formation
of alumina-rich spinel when flash sintering the three-phase system of alumina, spinel and

8YSZ.
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4.4 Conclusions

High-alumina spinel can be formed in 1 second during flash sintering of composites
constituted from equal volume fractions of alumina, spinel and 8YSZ at high current density
limits. Under current limiting experiments, with 450 V/cm and a current limit of 85
mA/mm?, the specimen temperature estimated from the Pt standard rose up to 1736°C,
when the sudden formation of the high-alumina spinel phase was seen. Kinetic analysis
shows that it is possible to form high alumina spinel within three seconds at such high
temperature. However, it should be noted that the Pt peak position at these very high
temperatures has been estimated from faint and very broad peaks of (111) Ptin the
diffraction spectrum.

The black body radiation equation for the estimation of the sample temperature
requires the knowledge of reliable values for the emissivity. For example, a change in
emissivity from 0.38 to 0.9 can create a spread of approximately 250°C in the uncertainty in
the estimate of the specimen temperature.

In the current ramping experiments, the phase transformation occurs more slowly
than in the current limiting experiments. Thus, two compositions of alumina-rich spinel
formed as intermediates (MgOe3Al203 and MgOe1.5A1203) during the initial stages of flash,
seen in the current ramping experiment are not present in the voltage to current limiting
experiment. However, the two peaks from the dual spinel phases evolved eventually into a

homogeneous composition of MgOe2.5A120s.
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CHAPTER 5: THE EFFECT OF CURRENT CONTROL HOLD AND THE

AMOUNT OF ZIRCIONA IN FLASH SINTERING

5.1 Abstract

Dense, fined grained (0.3 pm) three-phase composite of equal vol. % alumina, spinel
and 8YSZ is produced by flash sintering at a field of 650 V/cm with a current control hold of
6 seconds at 50 mA/mm?and an isothermal furnace temperature of 1450°C. Longer
current control holds result in grain growth, and then subsequent formation of a high-
alumina spinel phase. Reduced amounts of 8YSZ in the composites revealed that the
incubation time for flash sintering is increased and demonstrates how 8YSZ may be used as
a catalysis for flash sintering. Flash sintering two-phase alumina and spinel composites
(without zirconia) required an extended incubation time and homogeneous sintering was
difficult to obtain. Channeling of the current through the center of the sample in two-phase
composites resulted in a gradient microstructure, with the grain size ranging from 150 um
in the center to 1 pm near the edges. Using only a trace amount of zirconia, a composite of
MgO and spinel was flash sintered with no signs of channeling of the current.
5.2 Experimental Procedure

Composites of equal (1/3) volume percent 8YSZ-alumina-spinel, as well as samples
of lesser amounts of 8YSZ (1/4, 1/6) and two-phase alumina-spinel composites were made.
Samples flash sintered in isothermal laboratory experiments were done with a vertical
tube furnace pre-heated to 1450°C. The applied electric field (650 V/cm) and current
density (50 mA/mm?) remained constant throughout all these experiments, but the Stage

[1I hold times were varied to 6, 12, and/or 24 seconds for each sample.
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A composite of two-phase Mg0 and spinel with trace amounts of 8YSZ was flash
sintered at 1400°C with a field and current density of 1067 V/cm; 50 mA/mm?2 and hold
time of 6 seconds. 8YSZ was introduced to the two-phase system by milling the MgO and
spinel powders with zirconia media.

5.3  Results and Discussion
5.3.1 Current Control Holds

The power densities for the flash sintered samples containing equal (1/3) volume
percent alumina-spinel-8YSZ with Stage III holds of 6, 12, and 24 seconds are shown in
Figure 5.1. The room temperature XRD (Figure 5.2) also show that 8YSZ (PDF File: 00-030-
1468), alumina (PDF File: 01-070-7346), and spinel (PDF File: 00-021-1152) are all

present in each of the samples.
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Figure 5.1: Power density vs time plot of flash sintered equal (1/3) volume percent 8YSZ-
alumina-spinel composites at 6, 12, and 24 seconds
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Figure 5.2 XRD patterns of equal (1/3) volume percent 8YSZ-alumina-spinel composites
flash sintered at 650 V/cm and 50 mA/mm? with varying current control hold times

A high alumina spinel phase can be differed from stoichiometry spinel peaks their 20
positions. Alumina rich spinel are represent in XRD by spinel peaks but shifted to a higher
20, due to the smaller d-spacing of the high-alumina spinel phase compared to
stoichiometry spinel.63 At a Stage III hold of 24 seconds, formation of a high-alumina spinel
phase begins to occur along with residual stoichiometry spinel. This is seen in the doubling
of each spinel peak for the sample with a 24 second Stage 11l hold. Figure 5.3-5.6 shows the
SEM microstructure of the three-phase samples flash sintered with a current control hold
of 6, 12, and 24 seconds. SEM of the 24 second sample (Figure 5.5 and 5.6) confirms the

formation of high alumina spinel.
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Figure 5.3: SEM of flash sintered, equal (1/3) volume percent alumina, spinel and 8YSZ
composite with current control hold of 6 seconds
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Figure 5.4: SEM of flash sintered, equal (1/3) volume percent alumina, spinel and 8YSZ
composite with current control hold of 12 seconds
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Figure 5.5: SEM of flash sintered, equal (1/3) volume percent alumina, spinel and 8YSZ
composite with current control hold of 24 seconds (low magnification)
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Figure 5.6: SEM of flash sintered, equal (1/3) volume percent alumina, spinel and 8YSZ
composite with current control hold of 24 seconds (high magnification)
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The results highlighted in Table 5.1 illustrate that limiting the current control hold can be
used tailor the final grain size and the alumina content of the spinel composition. In the
sample where the current hold is limited to 6 seconds (Figure 5.3), an average grain size of
0.3 um is observed. As the current hold is increased to 12 seconds (Figure 5.4), the average
grain size increases to 0.5 um. Finally, with a current hold of 24 seconds, the average grain

size is further increased to 1.5 pm and the formation of alumina rich spinel begins (Figures

5.5 and 5.6).
Composition Stage 11l Hold t P. Density Th. Density  Grain Size
(s) (mW/mm?3) (%) (um)
1/3 8YSZ 6 350 97 0.3+0.1
1/3 8YSZ 12 300 97 0.5+0.2
1/3 8YSZ 24 350 92 1.5+0.5
1/4 8YSZ 24 300 92 1-5+05-1.0
1/6 8YSZ 24 300 95 1-7+£05-1.5
Alumina-Spinel 24 300-400 94 Center: 150 * 27
Edge: 0.8 £ 0.2

Table 5.1: Stage III hold, power density, Archimedes density, and grain size of isothermal
(1400°C) flash sintering experiments with a field of 650 V/cm; 50 mA/mm?

5.3.2 Varying Amounts of Zirconia during Flash Sintering

The onset of flash sintering occurs instantly, without an incubation period, with the
applied electric field of 650 V/cm; 50 mA/mm? with a composite of equal volume (1/3)
alumina-spinel-8YSZ (Figure 5.7). As the amount of 8YSZ is decreased to 1/4 volume
percent in the composites, an incubation period of ~10 seconds is now observed before the
on-set of flash sintering. As the zirconia content is further decreased to 1/6 volume
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percent, a longer incubation period is required for flash sintering. The incubation time
increased to over 2 minutes with a two-phase alumina and spinel system. XRD and SEM of
these samples show that the formation of high alumina spinel continues to occur with
decreasing amounts of 8YSZ (Figures 5.8, 5.9, and 5.10). The SEM of the alumina-spinel
composite showed a gradient microstructure, with larger grains in the center of the gauge
section (Figure 5.11). The power densities required to flash sinter each of the composites
are listed in Table 5.1 in addition to the average grain size and Archimedes densities of the
flash sintered samples. All composites flash sintered between 300-400 mW/mm3. A wide-
ranging average grain sizes were produced in this study, depending on the Stage III hold

times and composite composition. Densities of all samples were above 90% theoretical

density.
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Figure 5.7: Power density vs time plot of various composites with reducing amounts of
8YSZ
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Figure 5.8: XRD patterns of equal (1/3) volume percent, 1/4, and 1/6 volume fraction
8YSZ-alumina-spinel and two-phase alumina-spinel composites after flash sintering with a

24 second current control hold time
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Figure 5.9: SEM of three phase composite with 1/4 8YSZ held in Stage III current hold for
24 seconds at a current density of 50 mA/mm?
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Figure 5.10: SEM of three phase composite with 1/6 8YSZ held in Stage III current hold for
24 seconds at a current density of 50 mA/mm?
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Figure 5.11: SEM images of alumina-spinel composite held in Stage III current hold for
24 seconds showing gradient microstructure in the center of the gauge section
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The result of varying the amount of 8YSZ in the three-phase composite (Figure 5.7)
suggest that 8YSZ can be used as a catalysis for the onset of flash sintering. The
composition of alumina-spinel was able to be flash sintered, but with an incubation time of
over 4 minutes. As 1/6 volume percent 8YSZ is added to the two-phase system, the
incubation is reduced to less than 30 seconds. The trend of decreasing incubation time
continues as the content of 8YSZ is increased to 1/4 volume percent. As the amount of
8YSZ is increased to 1/3 volume percent, the onset of flash occurs almost instantaneously.
Without the inclusion of 8YSZ, the long incubation time can be attributed to the formation
of a conductive pathway as the green body begins to sinter at the set furnace temperature
of 1450°C. With the addition of 8YSZ, the ability of zirconia to catalysis flash sintering is
credited to the higher conductivity of 8YSZ compared to alumina and spinel.3 6061

Flash sintered alumina-spinel composites showed signs of extensive current
channeling though the specimen’s gauge section. Blackening was observed in the sample
after flash sintering, similar to the results seen in flash sintering of single phase alumina
and titania.2® 77 This has been attributed to electrochemical blackening, in which partial
reduction of sample occurs during flash sintering under large current densities and current
holds.2% 30 In flash sintered samples of single phase, spinel, alumina, and zirconia; a
gradient microstructure is also observed between the two electrodes.2? 60.71,78 This non-
uniform densification has been attributed to migration of charge species during flash
sintering (by formation of excess cation vacancies), interactions with the platinum
electrodes, and differential heating and cooling at the each ends of the electrode contacts.
29,60,71,77-79 Although a gradient microstructure is also observed throughout the gauge

section of the two-phase sample (Figure 5.11), the gradient of larger to small grains extents

66



out from the center of the gauge section to the edges of the sample. This suggests a
channeling of the current though the center of the sample with a thermal and/or field effect
gradient occurring in the sample during flash sintering. For the results presented in this
study, only this two-phase alumina and spinel composite showed this channeling effect.
Although similar results were presented by Biesuz and Sglavo et al, with the flash sintering
of pure alumina; and noted that the sharp transition seen with the large and small grains
cannot be explain by a thermal gradient alone, since the large thermal gradient required
would not be substantial at in an area of just a few microns.2? Temperature gradients due
to uneven current distribution during flash sintering have also been reported.23
Nevertheless the role of the defect chemistry cannot be overlooked, since oxygen vacancies
can be generated during flash sintering ultimately increasing conductivity.28 29,80

A two-phase composite of MgO and Spinel was flash sintered with trace amounts of
zirconia introduced in the milling processed with zirconia media. This was done to probe
the viability of the formation of magnesia rich spinel with flash sintering. Work done on
flash sintering of pure spinel was difficult to achieve.®® No published literature to date has
been found on the flash sintering of MgO, and initial laboratory experiments were
unsuccessful in flashing pure Mg0. A small amount of zirconia was introduced to catalyze
flash sintering as well as preventing current channeling. An ultra-fined grained
microstructure is observed in the SEM images of the flash sintered two-phase MgO and
Spinel composites (Figure 5.12). Archimedes density measurement also showed a high
density of 98% theoretical density. XRD results shown in Figure 5.13 show that MgO is still

present in the sample, with no formation of magnesia rich spinel.
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Figure 5.12: SEM images of two-phase MgO and Spinel composite after flash sintering
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Figure 5.13: XRD of flash sintered two-phase MgO and Spinel Composite

5.4  Conclusions

Limiting the current control hold time during flash sintering of a three-phase
(alumina, spinel and 8YSZ) composite allowed for rapid densification, while maintaining all
three phases with minimal grain growth. With a current control hold time greater than 6
seconds, grain growth of the three-phase composite occurred, and will result in the
eventual formation of a high-alumina spinel phase. Reducing the amount of 8YSZ in the
three-phase composite increased the incubation time until the onset of flash sintering.
Formation of high-alumina spinel (with a gradient microstructure) can also be achieved by
flash sintering a two-phase composite of alumina and spinel. Flashing of a MgO and Spinel
composite with trace amount of zirconia showed no phase reaction with a dense and ultra-

fine grained microstructure.
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CHAPTER 6: MECHANICAL PROPERTIES OF FLASH SINTERED

CERAMICS

6.1 Abstract

Mechanical testing on flash sintered single and three phase composites were done.
Flash sintered single phase 8YSZ showed no significant changes in mechanical properties
when measuring for hardness, elastic modulus, and fracture toughness. Flash sintered
three phase alumina, spinel, and 8YSZ did exhibit increased hardness, as well as unusually
high elastic modulus and fracture toughness. The increased in hardness is attributed to
point defect generations during flash sintered. The change in modulus and fracture
toughness still need explaining and further mechanical characterization needs to be done.
6.2 Experimental Procedure

Flash sintering experiments were done with composites of three-phase (alumina,
spinel, and 8YSZ) and two-phase (alumina-spinel), dog bone shaped samples. All flash
sintering experiments were done at an isothermal condition of 1450°C with a horizontal
tube furnace. Applied electric field, current density, and hold times were adjusted for each
set of samples. Applied fields ranged from 650 - 800 V/cm, current densities were 1.5 - 50
mA/mm?, and hold times were 6 seconds to 30 minutes.

Standard control sample of single phase, and three-phase samples were made from
conventionally and two-step sintering to compare with mechanical testing results from
flash sintered samples. Cylindrical shaped control samples were prepared by cold isostatic
pressing at 380 MPa. Conventionally sintered samples were sintered at 1550C for 20
hours. Two-step sintered samples were first sintered at 1450°C for 6 minutes the furnace

temperature was dropped to 1325°C for 5 hours. Two-step sintering was done in a creep
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testing furnace (ATS 2390, Butler, PA) to allow for a load of 35 MPa to be applied during
the sintering process to further increased densification with minimum grain growth.

Hardness (H) and fracture toughness (Kc) was done using the Vickers indentation
method with a micro hardness tester (Zwick Z 3212, Germany). After sintering, samples
were polished and etched at 1200°C for 30 minutes. Samples were then indented with a
load of 1 kg.

Hardness was calculated using the following equation:

F
H = E (6.1)

Where Fis the indentation load, and d is the diameter of the indentation.

The elastic moduli were calculated with Knoop indentation using Marshall method:81

0.45
E=H(=w (6.2)

711 L

Where H is the hardness, W is the minor diagonal indent length, and L is the major diagonal
indent length.
Finally, the fracture toughness was calculated with the equation:82

ELF

KC = 0016(5)5—3 (6.3)
c2

Where E is the elastic moduli, H = hardness, F = load, and c is the half diagonal crack length.
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Vickers Indentation

Figure 6.2: Examples of Knoop indentation
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6.3  Results and Discussion
6.3.1 Single Phase 8YSZ

Experiments with single phase 8YSZ were done to determine the mechanical
properties of flash sintered 8YSZ as well as the effect of extended current control holds.
Flash sintering of single phase 8YSZ was done with a field of 680 V/cm and a current
density of 50 mA/mm?2. Current control holds were limited to 6 minutes, 30 minutes, and 1
hour. Figure 6.3 shows the hardness values as a function of grain size of each of the flash
sintered and conventionally sintered 8YSZ specimens. The SEM microstructure of each
flash sintered sample as well as a standard conventionally sintered 8YSZ sample can be
seen in Figure 6.3-66.

The large overall grain size of the 8YSZ conventionally sintered sample is expected
because of the long sintering hold of 20 hours at 1550°C. As the current control hold times
for the flash sintered 8YSZ samples are extended, the grain size is also increased (Figure
6.3). Current control holds of 30 minutes and 1 hour produced samples with overlapping
grain sizes, but the trend shows that a longer current control hold will results in larger
grains. A similar hardness value compared to the conventionally sintered 8YSZ sample is
achieved with a current control hold of 30 minutes and 1 hour. The SEM microstructure of
the flash sintered samples (Figures 6.5, 6.6, and 6.7) show a progression of densification as
the current control hold is extended to 1 hour. Although a similar density is observed in
the current control hold of 30 minutes compared to 1 hour, a reduction of larger pores can

be observed in the 1 hour sample.
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Figure 6.3: Hardness values of flash sintered and conventionally sintered 8YSZ
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Figure 6.4: SEM microstructure of single phase 8YSZ conventionally sintered
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Figure 6.5: SEM microstructure of single phase 8YSZ flash sintered for 6 minutes
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Figure 6.6: SEM microstructure of single phase 8YSZ flash sintered for 30 minutes
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Figure 6.7: SEM microstructure of single phase 8YSZ flash sintered for 1 hour

The Vickers hardness, elastic moduli, and fracture toughness of the conventionally
sintered 8YSZ is compared with the flash sintered sample that was held in current control
for 1 hour in Figures 6.8, 6.9, and 6.10. Although there is a slight increase of each of the
mechanical properties in the flash sintered sample, there is so significant change in the
properties when accounting for the standard deviation in the measurements. Similar
results were seen in 3YSZ in terms of fracture toughness measured by three point notched

bend tests.83
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Figure 6.8: Vickers Hardness values for single phase 8YSZ
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Figure 6.9: Elastic Moduli for single phase 8YSZ
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Figure 6.10: Fracture toughness for single phase 8YSZ

6.3.2 Alumina, Spinel, and 8YSZ Composites

Equal volume three-phase (alumina, spinel, 8YSZ) samples were conventionally
sintered with an isothermal and two-step method. This was done to produce highly dense
samples with different grain sizes for comparison with flash sintered three-phase samples.
Flash sintering was again done at 650 V/cm and 50 mA/mm?, but with a current control
hold of 6 and 24 seconds. SEM microstructure of the three-phase samples are shown in
Figures 6.11 - 6.14. Note the phase contrast of the induvial phases: alumina (medium

grey), spinel (dark grey), and 8YSZ (light grey).
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Figure 6.12: SEM microstructure of two-step sintered three-phase composite
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Figure 6.13: SEM microstructure of flash sintered three-phase composite held at 6 seconds
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Figure 6.14: SEM microstructure of flash sintered three-phase composite held at 24
seconds
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As previously reported with the flash sintering of a three-phase composite of Al20s3,
MgAl204, 8YSZ, high alumina spinel forms with flash sintering with high current densities
or extend current control holds.63 ¢4 The SEM microstructure of the sample flash sintered
at 24 seconds (Figure 6.14) shows this high alumina spinel phase. The XRD of the three-
phase samples (Figure 6.15) confirm the formation of high alumina spinel in the flash
sintered 24 seconds sample. This is seen as a shifting of the spinel peaks to a higher 20
angle.®3 A stoichiometry spinel peak at a 20 of 45° (PDF: 00-021-1152) is included in the

XRD data to highlight the alumina rich spinel peak shifts.
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Figure 6.15: XRD of three-phase (A = alumina, S = spinel, Z = 8YSZ) conventionally, 2-step
and flash sintered samples
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Figure 6.16: Hardness values of three-phase conventionally, 2-step, and flash sintered
samples

It should be noted that the spinel becomes slightly non-stoichiometry in other three-phase
samples except for the two-step sintered samples. This is due to a prolonged high
temperature sintering in the standard sample and elevated sample temperature in the flash
sintered 6 second sample. The hardness values of the three-phase samples are shown in
Figure 6.16. The hardness values of single-phase samples of alumina, spinel, and 8YSZ are
also included in Figure 6.16. The single-phase samples were prepared in the same manner
(1550°C, 20 h) as the three-phase standard sample.

Using standard single-phase values taken experimentally with the same
experimental set up is important due to the large scattering that can happen with

indentation testing on ceramics.84 Alumina has the highest hardness reported values,
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followed by spinel then 8YSZ.10.85.86 This is trend is also seen in the experimental values
seen with the single phase standard samples (Figure 6.16). It should also be noted that all
the three-phase samples fall within the hardness values of expected from a three-phase
composite containing alumina, spinel, and 8YSZ.

Comparing the flash sintered 6 second sample to the two-step sintered sample in
Figure 6.15, a higher hardness is achieved with flash sintering. The same trend is seen for
the large grained three-phase standard sample compared to the flash sintered 24 second
sample in Figure 6.16. This is particular interesting since with the high alumina spinel
present in the flash sintered sample at 24 seconds, a hardness decrease is expected.8”

One of the proposed mechanisms of flash sintering is enhanced sintering due to
defect generation, in particular Frankel pair defects.28 This may explain the increase in
hardness seen in the flash sintered three-phase samples. A known phenomenon that
occurs with neutron irradiation is point defect hardening.88 8% An increase in hardening is
seen due to point defects blocking dislocation movements. Point defect hardening has
specifically been observed in alumina rich spinel.?0

Bar graphs of the Vickers hardness values along with values the elastic moduli and
fracture toughness for the three-phase samples are shown in Figures 6.17, 6.18, and 6.19
respectively. Accounting for the standard deviation in the measurements, the flash
sintered sample held at current control at 6 seconds had the highest hardness value (Figure
6.17). There are many factors that can influence the hardness of these samples. An
increase in hardness with fine grain sized ceramics is often attributed to the Hall-Petch
relationship, with an decrease in grain size results in an increase in a hardness.? For this

purpose, the two step sintering method was used for a proper comparison of the hardness
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for the flash sintered 6 second sample. The plot of the hardness vs grain size of the three-
phase samples in Figure 6.15 show that the grain sizes between these two samples are
almost identical. A study done on the comparison of the hardness values of alumina rich
spinel to stochiometric spinel showed that a decrease in hardness is seen with a higher
alumina content.8” Never less this does not explain the increase in hardness seen with the
flash sintered 6 second sample.

With defect chemistry being shown to be of growing importance in flash sintering,
the idea of point defect hardening has to be considered when explaining the increase in
hardness seen in the flash sintered 6 second sample. A proposed explaination of this
increases in hardness is that with a flash sintering hold of just 6 seconds, the defects
generated during the flashing event are not allowed to annel out. This results in a sample
with a larger amounts of point defects compared to a sample that is allowed to flash for a
longer hold time. Point defect hardening can also explain the results seen in 8YSZ, with
flash sintering having no effect on the mechanical properties due to the inharent high

defect concentrated strucutre of 8YSZ to begin with.
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85



Fracture Toughness (MPa/mO'S)

3-Phase 3-Phase FS 3-Phase FS 3-Phase
Std 2-Step 6s 24 s
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Higher elastic moduli (Figure 6.18) and fracture toughness (Figure 6.19) for the
flash sintered 6 second sample are also reported compared to all the other three-phase
samples. This is a unexpected result since a decrease in elastic moduli is expected with an
increase in point defects.”1-93 A plot of the ratio of elastic modulus over hardness is shown
in Figure 6.20 to emphasizes the elastic modulus increase in the flash sintered 6 second
sample. Comparing the Knoop (Figures 6.21 and 6.22) and Vickers (Figures 6.23 and 6.24)
indentations on the three-phase flash sintered for 6 seconds and the two-step sintered
sample, there is clearly a difference in mechanical properties. In the Knoop indentations,
the flash sintered 6 second sample shows a higher elastic modulus with a larger indent left
in the sample resulting from less recovery (higher stiffness). The increase in fracture
toughness can also be see in the Vickers indent in the flash sintered 6 second sample, with

smaller cracks generated compared to the two-step sintered sample.
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Figure 6.21: Knoop indentation on the three-phase sample flash sintered for 6 second
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Figure 6.22: Knoop indentation on the three-phase, two-step sintered sample
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Figure 6.23: Vickers indentation on the three-phase sample flash sintered for 6 second
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Figure 6.24: Vickers indentation on the three-phase, two-step sintered sample
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Although an increase in elastic modulus has been reported in graphene and in
certain types of antisite defects for SiC, a definitive explaining on the increased of the
elastic modulus with flash sintering cannot currently be presented.?3 %4 Due to the
increased hardness attributed to large defect generation with flash sintering, it is
hypothesize that the increase in elastic moduli and fracture toughness in this three-phase
system is also related to high defect concentrations after flash sintering. This can explain
why an increase in mechanical properties is not seen with single phase 8YSZ, due to 8YSZ
being saturated in oxygen vacancies to begin with.?> Nevertheless, the results in this study
shows that an increase in hardness and fracture toughness in a three-phase composite can

be achieved with flash sintering (Figure 6.25).
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Figure 6.25: Fracture toughness vs hardness plot of the three-phase samples
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6.4 Conclusions

Mechanical indentation testing on flash sintered single phase 8YSZ and three-phase
(alumina, spinel, 8YSZ) composites were done. For single phase 8YSZ, a current control of
1 hour was required at a flash condition of 680 V/cm; 50 mA/mm? to achieve high density
and reduction of large pores. In comparison to a conventionally sintered 8YSZ sample, no
significant change in hardness, elastic moduli, or fracture toughness is seen with flash
sintered 8YSZ samples. In the case for the three-phase composites, an increase in
mechanical properties are seen with the flash sintered samples; most notably with flash
sintering at 650 V/cm; 50 mA/mm? for only 6 seconds. Increase in hardness is attributed
to point defects generated from the flash sintering process blocking dislocation
movements. This is especially true with a current control hold for only 6 seconds due to
the limited formation of softer high alumina spinel preventing and annealing out of the
point defects generated during flash sintering, which can occur during longer hold times. A
definitive explanation for the increase in elastic moduli and fracture toughness in the
three-phase composition is still lacking, and more work needs to be done in this area.
Addition mechanical testing such as with ultrasonic indentation needs to be done to

confirm the elastic modulus.
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CHAPTER 7: SUMMARY AND FUTURE WORK

Flash sintering of multiphase composite ceramic systems were carried out with
successful results. With the inherent complex nature of flash sintering, careful selection of
the applied field and current hold times need to be done to achieve proper sintering. With
ideal electric fields and current control holds, fine grained composites with improved
mechanical properties was achieved.

The use of zirconia as a catalysis for flash sintering was demonstrated with
successful results. Flash sintering of two-phase composites without zirconia showed
extensive channeling of the current though the center of the sample. With the addition of
just a trace amount of zirconia, channeling of the current was prevented. This allowed for a
uniformly dense and fine grained microstructure.

In-situ data provided insight on the ultra-rapid heating and solid solutioning that
can occur with flash sintering of composites. With most of the published research on flash
sintering being on single phase systems, this work provides a starting point for the
application of flash sintering on other composite systems. Although diffusion models and
in-situ data can possibly explain the enhanced kinetics with flash sintering of multiphase
composites, they cannot explain the enhanced mechanical properties seen in this study.

Additional work needs to be done to study the effects of flash sintering on properly
densified composites. The reported increase in hardness, elastic moduli, and fracture
toughness are especially interesting and requires a further systematic study. A simple
experiment to verify these results would be to collect indentation data after various stages

of heat treatment are done to anneal out any point defects. Ultrasonic indentation and
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notched three-point bend test can also be done to verify the enhanced mechanical
properties reported in Chapter 6.

From this work it can be determined that flash sintering of composites uniquely has
its own sets of challenges. This study showed that two separate compositions that are
difficult to flash sinter on their own can be easily flashed in a two-phase composite. This
seems to indicate that the interface between dissimilar phases can be an important factor
in flash sintering. For a better understanding how flash sintering effects a composite
system, a more detailed analysis of the interface between this interface needs to be done.

In-situ TEM will be invaluable in this regard due to transient nature of flash sintering.
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APPENDIX

Flash Sintering Set-Up at UC Irvine
Main components of flash sintering apparatus

A. Computer with MatLab Installed

B. ATS Series 3420 Split Tube Furnace

C. Glassman High Voltage EV 1.5F2.0 Power Supply

D. Keithley Series 2000 High Performance Digital Multimeter

E. The Imaging Source USB 2.0 Monochrome Camera, DMK 41BU02.H

F. 1/2” 25-135mm F1.8 Manual Iris, Vario-focal, C-mount, H5Z2518C-MP
G. Tektronix IEEE-488.2 USB to GPIB Interface Adapter, KUSB-488B

Minor components

H. Edmund Heat Absorbent Glass, KG-3 50mm

[. Surepure Chemetals 99.95 Pure Platinum Wire

J.  SPI Supplies Platinum Paint, 04990-AB

K. Kanthal KAPM-1.0mm Resistance Wire

L. Nanoporus Alumina Ceramic Tube, 0.187” OD, 0.094” ID, 12” Long
McMaster-Carr #8746K13

M. High-Voltage Wire 18 Gauge, 0.14” OD, 25ft
McMaster-Carr #8296K17

N. Touch-Safe DIN-Rail Mount Block w/ Screw Terminals, 4 Circuits
McMaster-Carr #8839T11

0. Steel DIN 3 Rail, 7.5mm Deep, 1m Long
McMaster-Carr #8961K15

P. Stackable Pin-to-Pin Push-In Connectors, Male/Female Plug, 15 Amps,
McMaster-Carr #802K76

Q. Electrical-Insulating Sleeving, High-Temperature Expandable Rubber, 0.17” ID
McMaster-Carr #2573K13

R. Electrical-Insulating Sleeving, High-Temperature Expandable Rubber, 0.23” ID
McMaster-Carr #2573K14
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Figure A1l: Images of Flash Sintering Set-Up at UCI with Major Components Labeled
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Figure A2: Images of electrodes for the flash sintering set up, sample undergoing flash in
second image
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