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Flash sintering directly applies an electric field to ceramic green bodies in order 

to quickly densify at low furnace temperatures, a process that has great potential for 

saving energy and reducing production costs during manufacturing. This novel 

manufacturing method has been proven effective for a number of ceramics, especially 8 

mol % yttria-stabilized zirconia (8YSZ). In the past, primarily single-phase materials or 

composites that include 8YSZ have been the focus of flash sintering studies, while 

research on other composites has been lacking. This study investigated the phenomena 

of flash sintering applied to a novel monazite (LaPO4) single phase system and the 

LaPO4-Al2O3 system with comparisons to the LaPO4-8YSZ system. The processing-

microstructure-properties relationship between composition/time/furnace 

temperature/applied voltage/current limit and the resultant microstructures are 

investigated. While LaPO4 and Al2O3 could not flash sinter under the highest voltage and 

currents used, the composite LaPO4-Al2O3 system experienced flash sintering at the 
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highest applied voltages, and as expected, the composite LaPO4-8YSZ easily flashed due 

to presence of 8YSZ. Eutectic microstructures were prominent in the LaPO4-Al2O3 

system, and abnormal grain growth of both phases could be produced under suitable 

flash sintering conditions. Large facetted sapphire crystals formed with unique wetting 

characteristics with respect to monazite. The formation of an intertwined eutectic 

microstructure was attributed to the elevated local temperatures during flash and 

demonstrated the potential of flash sintering for high temperature processing without 

high temperature furnaces and crucibles. This study proved LaPO4-Al2O3 to be a 

eutectic-forming system, and the solid solubility, eutectic temperature, and eutectic 

composition were explored to construct a eutectic phase diagram for LaPO4-Al2O3. In 

addition, the hardness of the eutectic microstructure were also characterized and found 

superior compared to polycrystalline microstructures with the two phases. In summary, 

this work shows that flash sintering can be utilized to produce unconventional 

microstructures with improved mechanical properties in certain binary systems. 

 



 

1 
 

CHAPTER 1 INTRODUCTION 

1.1 Composite ceramic materials of LaPO4, Al2O3 and 8YSZ 

Alumina is one of the most widely used ceramic for electronic packing, cutting 

tools, ceramic matrix composites, military armor, automotive parts, etc.1–5 8 mol% 

yttria-stabilized zirconia (8YSZ) is known for applications in solid oxide electrolytes and 

oxygen sensors, nuclear waste disposal materials, and dental ceramics.6–9 Monazite 

(LaPO4) has several major applications, including high temperature coatings, diffusion 

barriers and matrix material for fiber-reinforced composites, among others.10–13 

Monazite is also a proton conduction material if doped and a potential nuclear waste 

form candidate for nuclear waste disposal.14,15  

LaPO4 is known to be phase compatible without reacting with alumina and 8YSZ 

at high temperatures up to 1600°C. 16–19 P.D. Morgan et al.18 found that the addition of 

interphase LaPO4 to an Al2O3 matrix reinforced with sapphire fibers greatly improved 

the fracture resistance due to reduced crack propagation through the fibers, by crack 

deflection and debonding along the weak LaPO4–Al2O3 interface. Similar effects were 

observed in multilayered 3YSZ–LaPO4 composites, and persisted up to 1600°C,19 and 

also in YSZ–LaPO4 to 1000°C.20,21 Composites with at least 30 wt. % LaPO4 in Al2O3 and 

at least 25 % LaPO4 in ZrO2 enable them to be machined by WC tooling due to the weak 

interfaces as monazite does not bond well to oxide ceramics.22–24 

The use of monazite as a matrix in ceramic matrix composites therefore has great 

potential. 25,26 Al2O3–LaPO4 composites have high machinability, good biocompatibility, 

and high thermal shock resistance,27–29 and 8YSZ–LaPO4 composites have been 
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investigated for their improved corrosion resistance behavior as thermal barrier 

coatings.17,30 8YSZ–Al2O3 composites have been proposed for improved thermal shock in 

oxygen sensors.31 Al2O3–LaPO4 composites have great promise as a high temperature 

structural ceramic material.32,33 ZrO2–LaPO4 has been proposed for thermal barrier 

coating applications.34 

Since the Al2O3–LaPO4 composite system has great promise as a high 

temperature structural ceramic material, 32,33 and ZrO2–LaPO4 has been proposed for 

thermal barrier coating applications,34 it is worthwhile to select these materials for 

further study with the new process of flash sintering as will be detailed in this 

dissertation.  

1.2  Electric-field-assisted sintering 

1.2.1 Challenges of conventional sintering 

Conventional sintering processing and microstructure development of these 

high-temperature ceramics and composites has been widely studied. For Al2O3, LaPO4 

and 8YSZ single phase systems, temperatures between 1400-1600°C and dwell times 

longer than a few hours are usually required to reach full density.35–38 Conventional 

processing requires high-temperature furnaces to fire and densify the materials. This 

energy consumption cost can account to up to 75% of the total production cost in some 

ceramic products in the European ceramics industry.39,40  

Studies have shown that reducing the furnace temperature from 1600C to 

1200C can half the energy consumption for sintering alumina.40 The ceramics industry 

is also more and more concerned about the greenhouse gas emission and CO2 footprint 
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during fabrication processes. Major sources for thermal energy include combustion of 

natural gas and electricity from the use of fossil fuel; both lead to the products that cause 

global warming.41 Because of the large energy consumption due to the high temperature 

and long times, a more economical and efficient method of densification would both 

lower manufacturing costs and reduce greenhouse gas emission from energy sources.39–

41 The motivation of this study is to reduce energy consumption and lessen the 

environmental impact of ceramic fabrication. 

Challenges in conventional sintering not only lies in the high energy consumption 

and environmental aspects but the volatility of some components of ceramic materials, 

such as in relaxor dielectric ceramics and proton conducting materials such as Sr-doped 

LaPO4.42,43  

1.2.2 Flash sintering 

Flash sintering is a sintering method that includes the direct application of an 

external electrical field to a green body while sintering without applied pressure.44 In 

past studies, flash sintering has been demonstrated to greatly lower the sintering 

temperature and shortened the sintering time for many single-phase ceramics.44–52 Flash 

sintering studies have been reported on a number of oxide materials: ionic conductors 

such as yttria-stabilized zirconia; semiconductors and insulators such as alumina, 

barium titanate, strontium titanate, boron carbide; as well as metallic-like ceramics such 

as ZrB2.46 The range of materials studied include ceramic materials that conduct 

electricity with ions, protons, electrons, and covalent semiconductor materials.53 The 

applied electric field assists densification and lowers the furnace temperature needed, in 

some cases, for more than 500°C. 
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In the past studies, flash sintering has been proven to accelerate sintering and for 

not only single-phase materials,29-37, 41, 42 but binary and ternary composite systems.56–58 

For example, Kok et al. observed densification in 3 seconds with a composite of α-Al2O3, 

MgAl2O4 spinel, and cubic 8 mol% Y2O3-stabilized ZrO2 (8YSZ), while flash sintering of 

single-phase Al2O3 or spinel required much longer time and higher furnace temperature 

to reach similar density.56 However, flash sintering of composite systems has not been 

extensively studied, especially composites without YSZ.46 YSZ is a special ceramic that 

easily flash sinters and was the first material to demonstrate the phenomenon of flash 

sintering.44 It has been suggested that the flash phenomenon may be enhanced using 

composite systems, as inter-phase interfaces might be the cause of promoted flash 

sintering in composite systems,58,59 but the mechanism is yet to be verified.60–62  

Variations for flash sintering include pulsed electrical fields,63 alternating 

current,64 different geometries of the samples,49,60,65 different electrode materials,66,67 

etc. . , but the main parameters used in every flash sintering experiment are the 

minimum temperature of the furnace when flash sintering will occur, the voltage applied 

to the cross section, the current density, and the time the current flows through the 

sample.  

The process of flash sintering includes three stages of development.68 Stage I is 

the pre-flash incubation period, where the current in the system increases slowly due to 

the insulating nature of ceramic materials. Stage II is the transient period where onset of 

flash happens, the current increase accelerated and spikes, leading to a power spike and 

flash of light from the material. The onset of flash is also accompanied by a temperature 

spike locally. This stage includes the peak in power dissipation68 and the power supply 
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switches to current control. Stage III is a quasi-steady state where the sample continues 

to flash during the hold time of the electric field, and where rapid densification happens 

accompanied by fast grain growth. The three stages during the flash sintering process is 

illustrated in Figure 1.1. 

 

Figure 1.1 Power density and shrinkage strain as function of time for flash sintering of 
3YSZ under 100 V/cm68 

 

1.2.3 Mechanisms for flash sintering 

There is no universally accepted answer to what the mechanism is for flash 

sintering that explains all of the physical phenomena, but there are a few possible 

explanations.  
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Evidence suggests that rapid heating alone can cause the accelerated 

densification observed in flash sintering experiments.69 However, in rapid heating 

experiments, the temperature needed to sinter the sample within in similar time frame 

to flash sintering is up to 600 °C higher than the estimated sample temperature.61 Joule 

heating can also be attributed as the reason of flash sintering due to thermal runaway 

caused by the rapid reduction of resistivity.60,70,71 Other aspects of joule heating have 

been proposed to explain flash sintering, such as temperature increase at the grain 

boundaries, 44,72–74 and localized melting promoting conductivity.72,75 Another possible 

explanation for flash sintering is that Frenkel defect pairs in the material nucleates and 

ionizes into charge neutral vacancies and interstitials, as well as electron-hole pairs. 

32,5876,77 This is also a likely explanation of the electroluminescence phenomena during 

flash sintering. This theory, however, is also conflicted by counter evidence. Naik et al.68 

concluded that defect mobility does not change during flash sintering, because there is 

no change in the activation energy for diffusion in YSZ and alumina composites. It is 

therefore proposed that defect concentration increases drastically due to the electric 

field, instead of change in defect mobility.  

Other theories for the mechanism of flash sintering points directly to the effects 

of the electric field. Weak electrical fields and electromagnetic radiation can enhance 

sintering as well, as observed in sintering experiments with a field as low as 20 V/cm.78 

Electric field effect can also be applied to flash sintering through electrochemical 

reduction, especially for ionic conductors, where the movement of oxygen vacancies and 

electrons promote conductivity.79  
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This dissertation will evaluate how the parameters for flash affect the resultant 

microstructure for composite systems containing monazite. In addition, as there is little 

documented data on the mechanical properties of flash sintered ceramics, the 

mechanical properties of the composite will also be studied.  
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CHAPTER 2 EXPERIMENTAL 

2.1 Materials 

The following raw materials were used to fabricate the samples: α-Al2O3 powders 

(99.99%, Taimei TM-DAR, Japan), 8 mol% Y2O3 stabilized cubic ZrO2 powders (TZ-8YS, 

Tosoh, USA) and hydrated LaPO4 rhabdophane powders (LaPO4·xH2O, Strem Chemicals, 

USA). The hydrated LaPO4 powders were annealed at 1000°C for 1 hour to ensure 

removal of any hydrate and generate the monazite phase of LaPO4.  

2.2 Experimental setup and procedures 

2.2.1 Ceramic processing 

Composites of alumina and monazite were prepared by mixing in certain volume 

percentages (25%, 50%, 75%) alumina with the monazite powders, and mixed by 

attrition mill (HD-01, Union Process, Akron, OH) with isopropyl alcohol for 8 hours to 

ensure uniform distribution. Similarly, composites of 8YSZ and monazite were prepared 

with 25 vol.% and 50 vol.% 8YSZ. Media used for milling was 0.5-mm high-wear-

resistant zirconia grinding media (YTZ Grinding Media, Tosoh, USA) for composites 

containing 8YSZ, or 0.5-mm alumina grinding media (99.5%, Union Process, USA) for 

composites containing Al2O3. Milling was done with 1 kg of media to 35 g of powders. 

Mixtures were dried with a rotary evaporator, 2.5 wt% of dissolved polyvinyl alcohol 

(PVA) was then added to the dried powders. The slurry was then dried again below 

80°C, the product ground with a mortar and pestle, and sieved to 106 m.  

To prepare green bodies for both conventional and flash sintering, powders were 

pressed in a dog-bone shaped mold in a uniaxial press (Carver, USA) at 260 MPa for 5 
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minutes. After PVA binder was burnt out in an ashing furnace at 600°C for 1 hour, the 

relative green body density was 50±2%. Dog-bone samples were made with a hole at 

each end with a gauge length of 13.5 mm, and a cross section of approximately 3.5 mm × 

1.6 mm. 

Conventional sintering was conducted in a bottom loading furnace (Thermal 

Fisher Scientific, USA), with a dwell temperature of 1550°C and a dwell time of 5 hrs.  

2.2.2 Flash sintering set-up 

A typical flash sintering experiment is conducted with the sample in the hot zone 

of a furnace, each end in contact with a pair of Pt hooks that lead to a power supply,44 as 

shown in Equation 2.1. A camera is usually set up to observe and record the process in 

real-time.  

As shown in Figure 2.1, samples in this work were placed in a horizontal tube 

furnace (ATS, USA), with a pair of Pt hooks that connect the holes at the ends of the dog-

bone samples with the resistance wires (Kanthal, Sweden) that lead to the power supply 

(Glassman High Voltage, USA) outside of the furnace controlled by a computer. Platinum 

paste was applied around the connection to ensure good conduction. The computer also 

records the voltage and current measured by a multimeter (Newark, USA), and records 

videos of the flash sintering experiments taken by a CCD camera (The Imaging Source, 

USA). 
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Figure 2.1 Sketch of experimental setup for flash sintering, photographs of a green dog-
bone sample and a flashed dog-bone sample with electrodes attached 

 

The onset of the flash phenomenon is controlled by the furnace temperature and 

the applied voltage. An initial voltage is set to the sample, with a low current passing 

through the sample, with the furnace temperature ramped up.  

The flash of the sample is marked with this sudden spike in the measured 

current, when the power supply then automatically switches to current control when 

the preset current limit was reached. The current limit was set to avoid power overshoot 

and to tailor the microstructure of the sample as the current multiplied by the voltage 

equals the power input into the sample. This would also be the point that we observe a 

flash of light in the camera. The flash is then held for a certain amount of time and the 

voltage turned off after.  

Voltage applied on the sample was determined by the potential drop over the 

initial length between the two electrical contacts. The current density limit applied on 

the sample was calculated by the current divided by the initial cross-sectional area of 

the gauge section. In this study, the furnace is ramped up from room temperature to 

1450°C or until flash, whichever is sooner. A voltage of 250 V/cm is applied from the 
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beginning of the ramp. If the temperature reaches 1450°C without the sample flashing, it 

is held for 5 min to stabilize the temperature throughout the sample. The voltage was 

then turned up step by step with 100 V/cm increment per 2 min, to reach a stabilized 

new temperature without significant densification. When flash occurs, the current 

spikes up and the power supply switches to current control to avoid power overshoot. 

The applied electric field was then held for around 10 seconds and shut down together 

with the furnace with the sample cooling inside until room temperature. Figure 2.2 

shows the schematics of conventional and flash sintering experiments in this study. 

 

Figure 2.2 Temperature, voltage, current and power density profile of flash sintering 
experiments 
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2.3 Sample temperature estimation 

Sample temperature is estimated through the black body radiation model.61,75 

Assuming the emissivity of the samples to be unity, the sample temperature T in 

relations to the furnace temperature T0 and power input W is given by:  

 
𝑇

𝑇0
= [1 +

𝑊𝑣

𝑒𝑚𝜎𝑇0
4 (

𝑉

𝐴
)]

1/4

 Equation 2.1 

In the equation, 𝜎 = 5.67 × 10−8𝑊𝑚2𝐾−4 is a physical constant, A = 379 mm2 is 

the area of the sample. The equation is derived from the Stefan Boltzmann law for black 

body radiation by Yang et al.78 The Stefan Boltzmann law states that a black body 

absorbs and emits radiation at the same time, and the emission is proportional to the 

emissivity of the object and the fourth power of the temperature.80 For simplicity’s sake, 

we often assume the emissivity value to be unity. Because the emissivity value of 

ceramics is usually less than 1, and the channeling during flash is often concentrated in 

the central region of the sample, we often underestimate the flash region temperature.61 

2.4 Characterization techniques 

X-ray diffraction (XRD, Rigaku SmartLab, Japan81) was used to confirm the phase 

consistency of the single phase ceramics and the composites, before and after sintering.  

The samples were coated as-is with C (EM ACE200, Leica, Germany) or Iridium 

(Q150T, EMS, USA) for SEM analysis. Secondary electron (SE) imaging, backscatter 

electron (BSE) imaging, and elemental analysis were done with FEI Magellan XHR SEM 

(Hillsboro, OR, USA) with Oxford energy dispersive x-ray spectroscopy detector (EDS, 

Oxford Instruments, United Kingdom). Transmission electron microscopy (TEM) 

imaging and diffraction analysis was done on Philips CM-20 (United States) and 
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TEM/STEM conducted on the JEOL JEM-2800 TEM (Japan), with samples cut with 

focused ion beam (FIB) system on Tescan GAIA SEM (Czech Republic) and FEI Quanta 

3D FEG (USA).82 

Electron backscatter diffraction (EBSD) (Tescan GAIA3 SEM-FIB, Czech Republic) 

and transmission Kikuchi diffraction (TKD) (FEI Quanta 3D FEG, USA) were conducted 

to analyze the orientation of the microstructures. Euler angle is used in both to 

represent the correlation between crystallographic orientations of the microstructures 

and the sample orientations in physical space (e.g., rolling direction).83,84  
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CHAPTER 3 FLASH SINTERING PRODUCES EUTECTIC 

MICROSTRUCTURES IN Al2O3–LaPO4 VERSUS CONVENTIONAL 

MICROSTRUCTURES IN 8YSZ–LaPO4 

3.1 Abstract 

While monazite (LaPO4) does not flash sinter even at high fields of 1130 V/cm 

and temperatures of 1450°C, composite systems of 8YSZ–LaPO4 and Al2O3–LaPO4 have 

been found to more readily flash sinter. 8YSZ added to LaPO4 greatly lowered the 

furnace temperature for flash to 1100°C using a field of only 250 V/cm. In these 

experiments, 𝛼-Al2O3 alone also did not flash sinter at 1450°C even with high fields of 

1130 V/cm, but composites of Al2O3–LaPO4 powders flash sintered at 900-1080 V/cm at 

1450°C. Alumina–monazite (Al2O3–LaPO4) composites with compositions ranging from 

25 vol% to 75 vol% Al2O3 were flash sintered with current limits from 2-25 mA/mm2. 

Microstructures were evaluated by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). A eutectic microstructure was observed to 

form in all flash sintered Al2O3–LaPO4 composites. With higher power (higher current 

limits), eutectic structures with regular lamellar regions were found to coexist in the 

channeled region (where the both current and the temperature were the highest) with 

large hexagonal-shaped 𝛼-Al2O3 grains (up to 75 𝜇m) and large irregular LaPO4 grains. 

With lower power (lower current limits), an irregular eutectic microstructure was 

dominant, and there was minimal abnormal grain growth. These results indicate that 

Al2O3–LaPO4 is a eutectic-forming system and the eutectic temperature was reached 
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locally during flash sintering in regions. These eutectic microstructures with lamellar 

dimensions on the scale of 100 nm offer potential for improved mechanical properties.  

3.2 Introduction  

Flash sintering applies an electrical field across a ceramic green body, while 

heating it in a furnace.1–3 As the material sinters, the current induces joule heating, 

which assists in fast densification or enhanced reaction mixing. Over the past decade, 

flash sintering has shown promise in reducing sintering costs, increasing densification 

efficiency, promoting reaction sintering, etc.4 In the current era of energy conservation 

to preserve the environment, it is important to find a way to reduce energy consumption 

for material processing.39,85 Due to its nature of fast transformation and densification, 

flash sintering can induce non-equilibrium transitions and lead to unconventional 

microstructures which may have interesting thermal and mechanical properties.44,61,86  

The prerequisite conditions and phenomena of flash sintering are material 

specific.44,55,69 8 mol% Y2O3-stabilized ZrO2 (8YSZ) has been well established to flash 

sinter easily at low temperatures and low voltages.31,44 The presence of 8YSZ can assist 

flash sintering for other materials in a composite.56,87–89 Some single phase ceramics 

such as alumina are difficult to flash sinter,66 but can flash easier when a constituent of a 

composite or through reaction sintering.51,52,57  

 The applied electric field during flash sintering generates a current that heats the 

sample far above the furnace temperature but other phenomena may also be involved, 

including enhanced flash sintering by the presence of heterointerfaces.90  

Research on flash sintering of binary structural ceramic composite systems 

which contain heterointerfaces is limited57,91–94 and will be addressed in this chapter. 
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The specific systems studied include monazite LaPO4, 8YSZ and Al2O3 as single phases 

and as composites. LaPO4 may be utilized as an interphase coating in ceramic fiber-

matrix composites providing low-toughness interfaces, which can greatly enhance the 

damage tolerant behavior.19,95 

3.3 Experimental 

3.3.1 Flash Sintering 

Flash sintering experiments were carried out with resistance furnace heat and an 

electrical field applied to the sample at the same time. For comparison, some samples 

were conventionally sintered at 1500°C for 5 hours.  

 

Figure 3.1 Two types of flash sintering conditions: (a) constant 250 V/cm is applied and 
the temperature is ramped up to 1450°C or the temperature that flash occurs and (b) 
temperature ramp to 1450°C with 250 V/cm then the voltage is increased by steps until 
flash occurs 

 

The flash sintering experiments were conducted by first heating with constant 

voltage applied, then voltage increase with constant temperature (if needed), and a hold 
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of the flash under current control. At the start of the experiment, an electrical field with 

a constant voltage density of 250 V/cm was applied to the sample in the furnace. The 

furnace temperature was ramped up from room temperature to 1450°C or until flash 

occurs. If flash occurred at a furnace temperature below 1450°C, it was held for 8-30 

seconds, then both the power supply and the furnace were turned off, as shown in 

Figure 3.1(a). If flash did not occur with 250 V/cm when the temperature reached 

1450°C, this condition was held for 5 min to stabilize the temperature throughout the 

sample and then the voltage was increased with increments of 100 V/cm every 2 

minutes to a maximum of 1130 V/cm, as shown in Figure 3.1(b). If the sample flashed 

below the maximum capacity of the power supply was reached (1130 V/cm), this 

condition at the flash onset was held for 5.5-10 seconds before the furnace and power 

supply were shut off. In all cases, the samples were cooled in the furnace to room 

temperature after the power was turned off. 

3.3.2 Characterization 

The phase composition, elemental composition, and microstructure of the flash 

sintered samples were characterized. XRD was used to confirm complete phase 

transformation from hydrate LaPO4 to monazite, verify the purity of alumina and 8YSZ, 

and the compositions and crystallographic structures of the composites. The analysis 

was also done on the dog-bone samples after flash sintering. SEM was used to image the 

sample surface with both secondary and backscatter electrons, after sputter coating it 

with iridium. EDS was conducted on samples coated with carbon. EBSD and TKD were 

used to analyze crystallographic orientations. TEM and diffraction were used to 

investigate crystalline microstructure with samples prepared by FIB.  
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3.4 Results 

3.4.1 The onset condition for flash is dependent on composition 

The flash conditions are summarized in Table 3.1 for the different compositions, 

average onset voltages (ranging from 250 V/cm to 1130 V/cm), current limits (2 

mA/mm2 to 25 mA/mm2), furnace temperatures at onset of flash (780°C to 1450°C), 

estimated sample temperatures from joule heating, and general features of the resultant 

microstructures.  

 

Table 3.1 Compositions, parameters, and microstructures of the flash-affected regions 
(estimated sample temperatures are calculated with the black-body radiation (BBR) 
model in Equation 2.1 using emissivity values of 1 and 0.4 as explained in Discussion) 

Compo-
sition 

(vol %) 

Flash
? 

Mean 
E-field 
(V/cm) 

±SD 

Current 
limit 
(mA 

/mm2) 

 
Mean 

maximum 
TFurnace 

(°C) 

BBR 
Testimate

d (°C) 

Flash 
hold 
time 
(s) 

Microstructural 
features 

8YSZ Yes 250 25 777 ± 9 
1390 
-1670 

10 Enhanced sintering 

50%-50% 
8YSZ–LaPO4 

Yes 250 25 1110 
1510 
-1750 

9-30 

Enhanced sintering, 
uniform grains of both 

phases, minor 
cracking 

25%-75% 
8YSZ–LaPO4 

Yes 250 25 1393 ± 24 
1670 
-1860 

10 
Enhanced sintering, 
uniform grain size, 

minor cracking 

Al2O3 No 1130 25 1450 N/A N/A 
No significant 

enhanced sintering 

LaPO4 No 1130 25 1450 N/A N/A 
No significant 

sintering 
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Pure 8YSZ samples and composite samples containing 8YSZ all flashed at 

temperatures below 1450 °C with a constant applied voltage of 250 V/cm. The onset 

temperature of flash increased when the concentration of 8YSZ decreased (see Table 

3.1). Pure 8YSZ samples flashed at an average temperature of 780°C; when 50% 8YSZ–

50% LaPO4 composites were tested, the samples flashed at around 1110°C. Dropping the 

amount of 8YSZ from 50 vol.% to 25 vol.% required a higher furnace temperature of 

1379°C. 

In this study, single phase monazite LaPO4 or Al2O3 samples were not able to flash 

at 1450°C, even with applied voltages as high as the maximum capability of the power 

25%-75% 
Al2O3–LaPO4 

Yes 
990 

 ± 42 
25 1450 

2150  
-2510 

8 
Eutectic (regular), 

equiaxed LaPO4 grains 

50%-50% 
Al2O3–LaPO4 

Yes 

1080 

 ± 53 

25 1450 
2190  
-2570 

8 

Eutectic (regular & 
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6 
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8 
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hexagonal Al2O3, 
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10 
Eutectic (mostly 

irregular) 
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Al2O3–LaPO4 
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 ± 71 
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-1800 

8 
Eutectic (no long-term 
order), equiaxed Al2O3 
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supply (1130 V/cm). However, samples of Al2O3–LaPO4 composites were able to flash at 

lower voltages even at the same maximum furnace temperature of 1450°C. For samples 

containing 50% Al2O3–50% LaPO4, the average onset voltage was 1080 V/cm. The 

average onset voltages for samples with other compositions were noticeably lower, 980 

V/cm for samples with 25% Al2O3 and 935 V/cm for 75% Al2O3.  

During the flash, the gauge sections of the dog-bone samples started to visibly 

brighten coinciding with the current spike, providing visualization of the flash region. 

Flash phenomena in all samples started with a nearly straight pathway that connected 

the two electrodes, shown in Figure 3.2. In all samples containing 8YSZ, the flash quickly 

propagated across the gauge section to form a continuous brightness with a gradient to 

the lateral edges. In samples containing Al2O3 and monazite, in contrast, the bright flash 

regions had abrupt boundaries and regions where the current was concentrated and 

channeled. The sharp boundaries of flash in those samples correlate with an abrupt 

change in the final microstructure across the gauge section, as will be shown later. In 

some cases, the channeling traveled from the front to the back through the thickness of 

the sample and connected the two electrodes on the opposite surfaces, as shown in 

Figure 3.2 (c). 
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Figure 3.2 Photos of samples during flash and sketches of the flash region 

 

3.4.2 Microstructure depends on the flash condition and composition 

No new phases were formed, comparing XRD of the original powder mixtures to 

flash sintered samples.  

For 8YSZ–LaPO4 composites, flash sintered samples show polycrystalline 

morphology similar to conventionally sintered samples. The flash sintered dog-bone 

samples show equiaxed grains across the gauge section without significant channeling 

or boundaries, with slightly larger grains at the center and slightly smaller grains on the 

lateral edges of the gauge section, as shown in Figure 3.3. This agrees with the flash 

phenomenon shown in Figure 3.2, as the brightness where the current would be highest 

is higher at the center, lower at the gauge section lateral edges, and continuous across 

the gauge section. Under the imaging conditions utilized, the backscattering coefficients 

for 8YSZ and monazite are similar, such that negligible backscatter electron (BSE) 
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imaging contrast exists between the two phases and no visual differentiation of the two 

can be directly observed. 

 

Figure 3.3 SEM images of the polished top surface in a 50-50 vol.% 8YSZ–LaPO4 sample 
(250 V/cm, 25 mA/mm2, 30 s, 1110°C) showing (a) uniform structure across the gauge 
section at low magnification, (b) polycrystalline grains in the center region and (c) 
polycrystalline grains on the lateral edge. (The sample did not fully densify due to the 
short time and low temperature but the images demonstrate a fairly uniform structure 
with some slight differences in grain size and pore size from the center to the lateral 
edge.) The direction of the electric field is marked by the vertical arrows with an “E” 
label. 

 

Flash sintered samples of Al2O3–LaPO4 composites, in contrast, show drastically 

different morphologies compared to the 8YSZ–LaPO4 composites. At the lateral edges, 

the microstructure consists of randomly oriented polycrystalline grains of both phases. 

A grooved region in the center can be observed macroscopically with abrupt boundaries 
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on the sample surface, corresponding to the distinct brightened region during the flash 

shown in Figure 3.2. In the channeled regions, there is virtually no equiaxed 

polycrystalline microstructure for Al2O3–LaPO4 composites. Instead, the channeled 

regions contain eutectic microstructures, highly faceted large grains, and grains with 

abnormal grain growth. Figure 3.4 illustrates the general regions where the 

corresponding microstructures are found.  

 

Figure 3.4 Sketch of a dog-bone sample and the locations of different structures that 
exist across the gauge section 

 

The contrast difference for Al2O3 (𝜌 = 4 g/cm3) and LaPO4 (𝜌 = 5 g/cm3) in BSE 

imaging clearly reveals each phase (Figure 3.5) on the surface of the sample. Images in 

Figure 3.5 are taken from the channeled regions as indicated in Figure 3.4. In this case, 

the backscattering coefficients of these two phases are quite distinct, and readily 

facilitate contrast differentiation. Alumina grains show a darker contrast because of the 

lower Z contrast while monazite grains show lighter contrast under the current 

backscatter imaging conditions. Eutectic structures show an intermediate grey contrast 

at low magnification due to the intertwined morphology of finely layered eutectic. 

Polycrystalline regions at the lateral edges show a clear mixture of randomly arranged 

bright and dark grains (polycrystalline structure in Figure 3.5). 
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Figure 3.5 Channeled regions (bounded by lines) are similar on the surfaces in flash 
sintered Al2O3/LaPO4 samples made under the same current limits (5 mA/mm2) but 
with different alumina content: (a) 25-75% Al2O3–LaPO4 (1000 V/cm 8 s ) (b) 50-50% 
Al2O3–LaPO4 (1050 V/cm 8 s ) showing hexagonal alumina grains and large irregular 
shapes of monazite (c) 75-25% Al2O3–LaPO4 (850 V/cm 8 s) flashed at a comparatively 
lower voltage 

 

Distinct boundaries can be seen on the surface of Al2O3–LaPO4 composites, 

marked by the contrast change that represent the abrupt change of microstructure from 

eutectic to polycrystalline (dotted lines in Figure 3.5). The center region that shows 

eutectic microstructure corresponds to the channeled region shown in Figure 3.2. Highly 

faceted alumina grains and monazite grains with abnormal grain growth appear in the 

center region on the surface, embedded in the eutectic structure, when a high current 

density is applied. Figure 3.5(a) clearly shows hexagonal and elongated faceted Al2O3 

grains on the surface in the centermost region of the gauge section, as well as large 

irregular monazite grains, found on the surface of a 50% Al2O3–50% LaPO4 sample. 

Adjacent to the centermost region is a grey contrast that represents the eutectic 

structure, which will be shown in detail later. On the edge of samples for all three 

compositions, a polycrystalline microstructure was observed that was similar to 

conventionally sintered Al2O3–LaPO4. Large cracks from thermal shock can be seen 
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throughout the sample as the flash sintering parameters and the cooling rate were not 

optimized.  

3.4.3 Eutectic microstructures  

Eutectic microstructures are represented by a gray contrast at low magnification. 

When observed closely, two types of eutectic structures coexist due to varying thermal 

profiles that can exist during flash sintering, and they form domains in the channeled 

regions. Figure 3.6 (a) shows regular lamellar eutectic structures that are parallel layers 

of alternating Al2O3 and LaPO4 grains. The monazite grains can spherodize in the 

alumina matrix and form a dashed line. A different type of eutectic microstructure, the 

“irregular” eutectic structure (also characterized as anomalous96,97) that shows 

randomized orientation and no long-term order, exists on the sample surface as well, as 

shown in Figure 3.6 (b). These two morphologies can form domains and coexist in the 

channeled region, as shown later.  

 

Figure 3.6 BSE images of the different eutectic microstructures on the surface of a 50-
50% Al2O3–LaPO4 sample (1100V/cm, 25 mA/mm2, 8 s) (a) regular lamellar eutectic-
like structure (b) irregular eutectic-like structure: dark grains are alumina, bright grains 
are monazite  
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When the flashed composition is not 50-50% Al2O3–LaPO4, the eutectic structure 

is found to exist in areas between grains of the dominant phase, as presented in Figure 

3.7. In samples with Al2O3 content reduced to 25%, the center region of the gauge 

section is dominated by a brighter LaPO4 phase, the rounded grains are surrounded by 

eutectic microstructures, as shown in Figure 3.7(a). When Al2O3 content was increased 

to 75%, the center region of the image was dominated by darker faceted Al2O3 grains, 

with eutectic structures at the grain boundaries, as shown in Figure 3.7(b). 

 

Figure 3.7 BSE images of the eutectic microstructures between grains of the dominant 
phase on the surface of (a) 25-75% Al2O3–LaPO4 (1050V/cm, 25 mA/mm2, 8 s) (b) 75-
25% Al2O3–LaPO4 (950V/cm, 5 mA/mm2, 8 s)  

 

Colonies formed by the eutectic can be observed from the cross section of the 

samples, as shown in Figure 3.8. The region with eutectic microstructure is within a 

roughly semicircle shape on the cross section, indicating that the flash channeled region 

was concentrated in a semi-cylindrical shaped volume along the gauge section. (The 

flash channeled region sometimes connects from the top to the bottom of the sample 
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from one end to the other.) The borders of the colonies seen in the interior are marked 

by coarser alumina and monazite grains. 

 

Figure 3.8 BSE images of a polished cross-section of a flash-sintered 50-50% Al2O3–
LaPO4 sample (25 mA/mm2, 950 V/cm, 18 s) that (a) shows channeling does not span 
the entire sample thickness. (b) and (c) show the interior region that has eutectic 
colonies which appear to solidify normal to the polycrystalline regions of the randomly 
oriented alumina and monazite grain which did not melt. (The bright circular region in 
the center is a drop of Pt, black circular regions are pores filled with epoxy.) The dotted 
line is a guide to the eye for the flash channeled region of the sample. 

 

3.4.4 Hexagonal alumina grains 

The other type of unique microstructural feature present in the flashed region of 

the Al2O3–LaPO4 composites is highly faceted alumina grains observed on the surface. 

Many alumina grains have a hexagonal shape close to a geometrically regular hexagon 

that is both equilateral and equiangular. Other large alumina grains have an elongated 

hexagonal shape that is close to equiangular. The faceted alumina grains, the thicknesses 

of which are estimated to range between 0.5 - 3 μm, are on the surface of a matrix of 

eutectic structures and monazite grains.  
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Figure 3.9 (a) and (b) shows the surface of 50-50% Al2O3–LaPO4 samples made 

with current limits 25 mA/mm2, (c) and (d) shows a sample made with 5 mA/mm2, 

respectively. Comparing the grain sizes of  

Figure 3.9 (a) and (b) or (c) and (d), the size of the hexagonal grains is much 

smaller when the current limit is reduced from 25 to 5 mA/mm2. The diameters of the 

regular hexagonal single crystals of alumina reach 75 μm when the sample is flash 

sintered by 25 mA/mm2, but only half that size with 5 mA/mm2. When the current limit 

was set to 2 mA/mm2, no faceted alumina grains or large monazite grains was observed.  
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Figure 3.9 BSE image of the different grain sizes existing on the surface obtained by flash 
sintering 50-50% Al2O3–LaPO4 with changing the current; (a) and (b) processed with a 
current limit of 25 mA/mm2 (950 V/cm, 5.5 s), (c) and (d) processed with a current 
limit of 5 mA/mm2 (1050 V/cm, 8 s). A higher current density, which results in higher 
power, creates larger grains of both hexagonal alumina and monazite.  
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The equiangular appearance of the Al2O3 crystals can be attributed to the 

crystalline orientations of the hexagonal grains. Figure 3.10 (a) shows the TEM sample 

made from milling perpendicular to one of the edges of a hexagonal alumina grain. The 

alumina large crystals are surrounded by a eutectic microstructure. TEM diffraction 

confirms that the surface of the hexagonal-shaped grains is normal to [0 0 0 1], so it is 

the basal plane of the pseudo-hexagonal lattice. The grain edges are normal to <1 1 2 0>. 

EBSD scans confirmed the same orientation throughout a hexagonal grain on the surface 

indicating it is a single crystal of sapphire (Figure 3.10 (b)). This grain was located on 

the side of the center groove and appears slanted because tilting in the SEM was limited 

by the EBSD configuration. It is worth noting that transmission Kikuchi diffraction 

results show that the Al2O3 grains in the eutectic microstructures near the single-crystal 

Al2O3 have similar orientations as the faceted grain. 

The other commonly observed microstructural feature is that the hexagonal 

alumina crystals can be seen as a collection of six triangles with monazite on the surface 

of half of them ( 

Figure 3.9). The regions with monazite correspond to rough surfaces with a 

lower EBSD signal as well (Figure 3.10). FIB sectioning showed no existence of monazite 

inside the hexagonal alumina grains. 
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Figure 3.10 the orientation of the hexagonal alumina grains (a) image and diffraction 
pattern of a cross-section showing the (0 0 0 1) surface orientation of the hexagonal 
Al2O3 grain and eutectic microstructure underneath and (b) EBSD patterns showing that 
the large hexagonal Al2O3 grains on the surface are primarily one orientation (FSD 
images are obtained by a forward-scattered electron detector that collect backscattered 
electrons; graphs labeled IPFxyz show the crystalline orientation in the x, y, and z 
direction respectively, by coloring the maps with inverse pole figure color schemes) 
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3.4.5 Increased current limit increases power density and affects microstructure 

The onset temperature and voltage required for flash vary depending on sample 

composition but did not greatly affect the microstructure of the flash sintered samples. 

However, the current limit of flash sintering has a significant influence on the width of 

the channeled region and the microstructure of the samples. Figure 3.5 shows two 

samples of different compositions flash sintered with the same current limit. The sizes of 

the center flash sintered region are nearly the same, indicating similar thermal profiles 

across the gauge section.  

When samples with the same composition are flashed with different current 

limits, it is clear that the width of the channeled region that corresponds to flash 

increases with a higher applied current. Figure 3.11 shows the low-magnification images 

of 50-50% Al2O3–LaPO4 samples flash sintered with maximum current limits of 25 

mA/mm2, 5 mA/mm2 and 2 mA/mm2. All samples have polycrystalline microstructure 

on the outside of the gauge section and eutectic microstructure at the center. The width 

of the channeled region that was subjected to melting and resolidification is the largest 

(920 μm) when the sample was flashed with the highest current limit 25 mA/mm2, but 

only 260 μm when flash sintered with 5 mA/mm2, and then even lower at 100 μm with 2 

mA/mm2. It has also been found that when the current limit is constant, but the 

increasing flash hold time was increased, the width of the channeled region increases as 

well. 
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Figure 3.11 BSE images of flash sintered 50-50% Al2O3–LaPO4 sample surfaces with 
different current limits of (a) 25 mA/mm2 (1100 V/cm 8 s), (b) 5 mA/mm2 (1050 V/cm 
8 s), and (c) 2 mA/mm2 (1136 V/cm 10 s); the higher the current, the wider the 
channeled region (note that the scale bar is different for each image). The electrical field 
is in the horizontal direction of the photo. 

 

Changing the current limit also changes the morphology of the microstructure. A 

low current limit of 2 mA/mm2 does not produce large hexagonal alumina grains or 

abnormally large monazite grains with abnormal grain growth but creates only the 

eutectic microstructure (Figure 3.11(c)), in contrast with samples flash sintered with a 

higher enough current limit (≥ 5 mA/mm2 in this study).  

Moreover, the morphologies of the eutectic microstructure can be tailored by 

changing the current limit of the flash. Both regular lamellar and irregular eutectic 

structures appear in samples processed with higher currents ( 

Figure 3.12 (a)). When the current limit is reduced to 5 mA/mm2, irregular 

eutectic structure is the primary morphology throughout the channeled region ( 

Figure 3.12 (b)), more typical of coupled growth with the lower current.  
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Figure 3.12 BSE images of eutectic structures on the surfaces of 50-50% Al2O3–LaPO4 
samples that depend on the current density showing (a) more regular eutectic-like 
structure that is produced under high current limit 25 mA/mm2 (950V/cm, 18 s), and 
(b) more irregular eutectic-like structure under low current limit 5 mA/mm2 (1100 
V/cm, 10 s). These images are from the edge of the channeled region, next to the 
polycrystalline structure, randomly oriented alumina and monazite grains are seen on 
the left of each image.  

 

3.5 Discussion 

3.5.1 What promotes flash? 

The onset conditions for flash sintering are different for the different 

compositions, as would be expected.98 All 50-50% Al2O3–LaPO4 composites flashed 

within ± 50 V. When the composition changed to 25-75% Al2O3–LaPO4 and 75-25% 

Al2O3–LaPO4, the onset voltage of flash is noticeably lower (up to 100 V), as shown in 

Table 3.1. At first glance, it is unclear where the voltage difference comes from. Without 

the presence of 8YSZ that facilitates a conductive pathway, 99 low ionic and electrical 

conductivity of Al2O3 or LaPO4 single phases inhibit the current flow. One reasonable 

hypothesis is that the bi-material interface in the green body can facilitate flash 

sintering, which could potentially be attributed to the highly defective structure of such 

bi-material grain boundaries. Alternatively, it could be doping by cations that would 
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increase conductivity, but this needs to be further studied to be confirmed.32 Other 

composites have been shown to flash easier than the single-phase materials without the 

presence and assistance of 8YSZ.87 The 50-50% Al2O3–LaPO4 composites would have the 

maximum number of bi-material interfaces compared to other vol% compositions for 

the same particle sizes.  

3.5.2 What is the sample temperature during flash and how is it related to current?  

It has been well known that the electrical field can elevate the sample 

temperature to be higher than the furnace temperature.100 According to the black body 

radiation model (BBR)61,101 which assumes the sample is a black body, the elevation in 

sample temperature (∆𝑇) can be calculated based on the furnace temperature (T0 in K), 

the input power density (Wv equals voltage density times current density, in units of W 

m-3), the volume of the sample (V with the value of 225 mm3), material emissivity (𝑒𝑚), 

the surface area of the sample (A with the value of 380 mm2 including all surface area), 

and a universal physical constant (σ with the value of 5.67×10-8 W m-2 K-4). The normal 

total emissivity of 8YSZ is estimated to be 0.4 around 1800°C 102 (0.9 at room 

temperature) 103 and Al2O3 is 0.3-0.5 at 1470 °C.104 

 
𝑇

𝑇0
= [1 +

𝑊𝑣

𝑒𝑚𝜎𝑇0
4 (

𝑉

𝐴
)]

1/4

 Equation 2.1 

However, experimental data is lacking on composites and there is no known 

emissivity data for LaPO4, hence the calculations used emissivity values of unity61 and 

0.4 to estimate the range of possible sample temperatures (see Table 3.1 under column 

“BBR Testimated”). The usage of unity can underestimate the sample temperature61 by 

hundreds of degrees, having eliminated the emissivity in the denominator in Equation 
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2.1, giving the lower bound of the possible sample temperature range; the upper bound 

of the temperature range is given by using 0.4 as the emissivity value, which likely 

results in an overestimation of the sample temperature because of heat loss from the 

sample and the unknown emissivity value of LaPO4. 

The melting temperature of Al2O3 is 2030°C and 2070°C for monazite.105,106 If a 

eutectic exists, the eutectic temperature would be even lower. With some of the 

estimated temperatures as high as 2190°C, and considering the underestimation of the 

lower bound calculation, it is reasonable for the actual sample temperature during flash 

to be higher than the melting point and the energy would be sufficient to cause melting. 

Also, the variable localized current observed on the surface (Figure 3.5) would cause 

inhomogeneous temperatures that are higher than the predicted average temperature. 

Furthermore, the area of the channeled region on the cross-section in Figure 3.8, 

corresponding to the high current pathway, is significantly smaller than the gauge 

section – concentrating the heating further. It is also possible that a small amount of 

eutectic liquid can form at the interfaces which would enhance sintering as well as the 

local current.107,108  

3.5.3 How do current, temperature, and channeling affect the microstructure? 

The low thermal conductivity of LaPO4 22 can preclude effective heat transfer; 

although Al2O3 has higher thermal conductivity than 8YSZ in the monazite materials, the 

lower electrical conductivity in alumina contributes to a current flow that is less 

uniform. This created a molten and resolidified zone with distinct boundaries where the 

temperatures are higher. The abrupt boundaries can also be attributed to the 

temperature profile created by intense joule heating caused by the power spike. Heat 



 

37 
 

can dissipate through conduction and convection due to the temperature difference 

within the sample and the elevation of sample temperature above the furnace 

temperature, but the abrupt boundaries of the channeled region are indications that the 

intense heat has not dissipated, and melting and rapid solidification only occurs within 

the boundaries. Research on flash sintering of Al2O3-Y3Al5O12 (YAG) has shown the 

formation of similar eutectic microstructures but the paper postulates that melting does 

not occur.94 The Al2O3/YAG system is similar to Al2O3–LaPO4 in that YAG also has low 

conductivity 109 and is also observed to be difficult to flash sinter (1350°C, 900 V/cm).94  

The estimated temperature correlated with the power input can qualitatively 

explain the trend of the channeled region widths. When the current density limit or the 

voltage density of the flash increases, the power increases – and as shown by Table 3.1, 

the highest temperature in the channeled region caused by the power spike also 

increases, leading to more material melting.  

It was observed that higher current limit also promotes abnormal grain growth 

and leads to the large single crystals forming in the channeled region ( 

Figure 3.9). As the flash region temperature increases with the current, more 

time is needed to cool down whereby the crystals can grow quickly in what is possibly a 

eutectic liquid. There can also be a change in the nucleation rate that comes with the 

temperature change. At higher temperatures, one possible scenario is that the 

nucleation rate decreases while the growth rate increases, leading to fewer but larger 

crystals in the eutectic matrix.  

Cracking has been observed in many samples produced in this study. During the 

experiment, the power supply and furnace were shut down right after the flash hold. 
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This may induce thermal shock of the samples. It should be noted that when the samples 

were annealed at 1450°C after completion of the 11 s flash hold instead of 

instantaneously cooling, crack formation was minimized.  

3.5.4 How do surface and interfacial energy affect the resultant microstructure? 

Al2O3 and LaPO4 are highly immiscible. The XRD peaks of each phase do not shift 

before and after flash sintering, indicating no significant solid solubility. These materials 

do not react to form any new phases up to 1600°C, as proven by Marshall et al.,110 and 

the present study shows that to be true up to melting, which is useful information for the 

high-temperature applications of the material system. 

The tendency to minimize the interfacial area between Al2O3 and LaPO4 can be 

observed by the spherodized monazite in the lamellae (Figure 3.6(a)) and on the surface 

of alumina crystals, consistent with the predicted high interfacial energy between the 

two phases.19 The sides of the faceted alumina crystals are also low-index planes that 

have high symmetry and low surface energy.111 The facets may be evidence of 

crystallization from a melt that exists when alumina starts to nucleate and grow. The 

apparent 3-fold rotational symmetry shown by the monazite arrangement on the 

surface of the alumina grains (Figure 3.9) is linked to the crystallographic structure and 

inherent symmetry of the α-alumina crystal (with space group #167, 𝑅3̅𝑐) and 

corresponds directly to the primary 3-fold roto-inversion axis aligned along the c-axis of 

sapphire.112 This observation portends that there is growth direction dependent 

variations, such that the prismatic planes are not all equivalent and alternate according 

to the 3-fold roto-inversion symmetry. Future work is in progress to explore details of 

the interfacial energy considerations in this material system. 
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3.5.5 What factors may control the microstructure evolution of the eutectic? 

The mechanism of forming regular and irregular eutectics in this material system 

is unknown. Even though directional cooling is evident in the orientation of the colonies 

growing perpendicular to the polycrystalline region in Figure 3.8, it is highly likely that 

more than one mechanism is at play due to the complicated thermal profiles of the 

molten and resolidified region.  

The other possible cause of the “irregular eutectic” microstructure is that the 

phase transition has entered the region for spinodal transformations. The 

microstructures in Figure 3.6 (b) are reminiscent of spinodal decomposition, however, it 

would be necessary to capture the initial phase segregation in the liquid to differentiate 

between nucleation and growth and processes and spinoidal decomposition.  

According to past literature, the discontinuity and structural faults in the regular 

lamellar structure can be caused by several different reasons, including liquid/solid 

interface shape instability, lattice strain, or sudden change in the growth conditions, 

etc.96,97 Lamellar eutectic-like structures usually represent fast coupled growth of the 

crystallization front, the rate of which is a function of the undercooling in the composite 

system.113 At the same time, it is known that drastically increasing the amount of 

undercooling can change the type of eutectic structure formed.114 In theory, the irregular 

eutectic structures can be an indication of different growth velocities.  

Although it is not clear which mechanism dominates, it is obvious that higher 

power applied from high currents promotes regular lamellar eutectic microstructures. 

These eutectic microstructures, with a characteristic lamellae thickness on a scale of 100 
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nm, have the potential for interesting mechanical properties promoting crack 

arrest.115,116 Current work is on-going to evaluate the mechanical properties of such 

microstructures. 

3.6 Conclusion 

As expected, composites of monazite and 8YSZ can be easily flash sintered due to 

the enabling presence of 8YSZ which allows uniform heating of the composite. Although 

higher amounts of 8YSZ lowered the furnace flash temperature, 25 vol% 8YSZ was 

sufficient to create a uniform microstructure. 

Single phase Al2O3 and LaPO4 did not flash under the maximum temperature and 

voltage used here, but the binary composites did, indicating that heterointerfaces may 

play a significant role in flash sintering as pathways for high current density.  

Regions in the Al2O3–LaPO4 sample where the temperature was close to the 

furnace temperature produced microstructures similar to conventionally sintered 

polycrystalline samples; channeled regions with the higher current that reached the 

highest temperature show nucleation and growth of large crystals of faceted alumina 

and non-faceted monazite; with lower current and lower temperature, large regions of 

relatively uniform eutectic microstructures can be formed in the channeled regions, 

presumably nucleated from the liquid phase.  

More regular regions of the eutectic tend to form when the current density is 

higher while irregular eutectic forms when it is lower.  

There is immiscibility of alumina and monazite even at elevated temperatures 

with a high interfacial energy between the two phases, as demonstrated by the eutectic 
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microstructure. Flash sintering may have great potential in making eutectic structures 

without requiring ultra-high temperature melting in non-reactive crucibles.  
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CHAPTER 4 INVESTIGATION ON THE ALUMINA HEXAGONAL 

SINGLE CRYSTALS PRODUCED BY FLASH SINTERING 

4.1 Abstract 

The hexagonal alumina grains produced by flash sintering are investigated 

through electron microscopy characterization in this chapter, and crystallographic 

information obtained. The regular hexagonal alumina grains have been proven to be 

single crystal sapphire that facet on low-energy planes and grow along low-energy 

directions. The surface of equiangular and equilateral hexagonal grains are the basal 

planes of the hexagonal lattice, with the c-axis perpendicular to the viewing plane. The 

sides of the hexagonal grains grew to be pyramidal planes of the hexagonal crystal 

structure, which is the fast-growing direction for alumina crystals, contributing to the 

low aspect ratio of the crystals. Elongated hexagonal grains were found to have 

orientations that deviate from the c-axis, and the amount of deviation can be inferred 

from the grain morphology. Preferential wetting between monazite and the sapphire 

crystals, which presents as a pattern with three-fold symmetry, is due to the three-fold 

symmetry of the crystal structure of α-alumina.  

4.2 Introduction 

Al2O3 and LaPO4 are good components for a composite material because the 

composite retains its refractory properties and has a higher fracture toughness than 

alumina. Flash sintering, a novel manufacturing technique, is used to densify composites 

of Al2O3 and LaPO4. Results find that the system is a eutectic-forming system that also 

produces abnormally large sapphire crystals under suitable suitable conditions. 
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Alumina platelets have been added to composite materials as a strengthening 

mechanism due to their anisotropy and high strength. In the past, alumina platelets are 

synthesized or purchased and then added prior to sintering.117,118 Alumina platelets with 

specific orientations have also been used to study the rate of grain growth along 

different crystallographic orientations.119–121 

The results presented in this chapter investigate the crystallography and 

morphology of the highly faceted alumina crystals produced by flash sintering, and shed 

light on the growth process of this highly faceted crystal with asymmetric wetting of 

monazite. 

4.3 Experimental 

4.3.1 Flash sintering 

The samples were processed from 50-50 vol.% LaPO4-Al2O3 green bodies with 

flash sintering. Details of the flash sintering process are introduced in the previous 

chapter. Specifically, the current for flash sintering is controlled within an appropriate 

range (5-25 mA/mm2) so that hexagonal alumina crystals will be produced. The furnace 

temperature was 1450°C and onset voltage was around 1080 V/cm. 

4.3.2 Microstructure characterization  

EBSD analysis in the SEM was done on alumina grains that formed on the surface, 

samples were coated with a few nanometers of carbon for this purpose, since metallic 

coatings led to weak signals and were not optimal. During EBSD, a 70° pre-tilt holder 

was used, and tilt correction was applied to the images. 
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FIB was used to cut out TEM samples for determining the orientation of the side 

planes of the crystals. Multiple samples shown in this chapter were cut out from the 

same hexagonal alumina grain from different orientations. 

4.4 Results 

Figure 4.1shows a BSE image of the surface of a 50-50 vol.% LaPO4-Al2O3 flash 

sintered sample with typical microstructures, from both sides to the center of the image: 

polycrystalline region, eutectic microstructure and abnormal grain growth embedded in 

eutectic microstructures. The darker phases shown in the BSE contrast are alumina 

grains and the brighter grains are monazite grains. The hexagonal alumina grains can be 

both equilateral and equiangular, or it can be equiangular but with different edge 

lengths, which can appear as elongated grains. Both are common occurrences of flash 

sintered samples with alumina and monazite. 
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Figure 4.1: shows the typical microstructure of a flash sintered sample under conditions 
(1450℃, 1050 V/cm, 5mA/mm2, 8.5s) 

 

Because the strong tendency of faceting in alumina crystals is often linked to 

specific crystallographic orientation in the crystal, EBSD was conducted to find the 

connection between the shapes and the orientations of the single crystal grains. Figure 

4.2 shows the Euler color and pole figures of the alumina crystal. When the shape of the 

alumina crystal is closer to equilateral and equiangular, the orientation of the crystal 

represents its lattice structure, with the z-axis coming out of the viewing plane and the 

basal plane as the grain surface. When the alumina grain is more and more elongated, 

the orientation of the crystal deviates more and more from the Z axis. Figure 4.2 

demonstrates this tendency with pole figures generated from the EBSD results.  
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Figure 4.2: shows the EBSD results acquired. The Euler color of (b) is different because 
the grain is rotated 180°, but the pole figure shows the relative deviation from the 
regular hexagonal grains. 
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Overall EBSD results show that the alumina grains are single crystals. In some 

cases, the surface morphology has a minor effect on the analyzed orientation.  

To further study the orientation of the crystals, specifically from the side, several 

FIB samples were made from the same hexagonal grain. As shown in Figure 4.3, the 

grain selected is embedded in a matrix of eutectics, which is representative of a random 

hexagonal sapphire grain. The TEM samples were cut perpendicular to the edges of the 

hexagon, to include part of the aluminum oxide grain and the eutectic structure next to 

and underneath it. The second and third sample avoided the ion-beam damaged area 

from the previous cut and used platinum to protect the top surface. FIB milling images 

reveals that edges of the hexagonal aluminum oxide grain are not perpendicular to the 

top surface (Figure 4.4) but have specific angles. 
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Figure 4.3: (a) A BSE image of the sample after flash sintering and before FIB, there are 
various sized hexagonal grains; (b) an SEM image of the selected grain with one FIB cut 
and two FIB locations marked by the Pt protection layer; (c) an illustration of where the 
TEM samples were obtained 

 

Figure 4.4: (a) STEM image of a cross-section of an alumina grain, showing an obtuse 
angle between the bottom and side of the grain; (b) TEM image of a cross-section of 
another alumina grain, showing an accute angle between the bottom and side of the 
grain. 
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Low magnification image in Figure 4.4 shows two samples, depending on the 

angle of the side plane the morphology shows the alumina grain to be either a trapezoid 

or an inverse trapezoid.  

Within one sapphire grain different sides show different angles in respect to the 

top or bottom surface of the grain. The images below show the diffraction patterns 

obtained from three TEM samples cut from the same sapphire grain, as well as the 

diffraction patterns. Within a tilt angle of ±5°, the zone axes of <1̅ 1̅ 2 0> was found, and 

diffractions obtained. Simulated diffraction patterns are also included to compare with 

the experimental. Some of the TEM and STEM images below are pieced together from 

more than 1 images due to limitations in the magnification. The diffraction results show 

that the edges of the regular hexagon grains are parallel to the a-directions of the 

hexagonal unit cell. 
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Figure 4.5: (a) BF TEM image (Sample 1 from Figure 4.3) of the alumina grain tilted to 
the zone axis, with the circle labeling the diffraction location. (b) the lower-
magnification STEM image of the same grain, with the side surface angle labeled. (c) 
experimental diffraction pattern from the selected region, (d) the simulated diffraction 
pattern that match the experimental result. 
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Figure 4.6: (a) BF TEM image (Sample 2 from Figure 4.3) of the alumina grain tilted to 
the zone axis, with the circle labeling the diffraction location. (b) the lower-
magnification STEM image of the same grain, with the side surface angle labeled. (c) 
experimental diffraction pattern from the selected region, (d) the simulated diffraction 
pattern that match the experimental result. 
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Figure 4.7: (a) BF TEM image (Sample 3 from Figure 4.3) of the alumina grain tilted to 
the zone axis, with the circle labeling the diffraction location. (b) the lower-
magnification STEM image of the same grain, with the side surface angle labeled. (c) 
experimental diffraction pattern from the selected region, (d) the simulated diffraction 
pattern that match the experimental result.  

 

It can also be observed that the bottom surface of the alumina grain is often a 

straight, clean facet, except when the monazite phase is polycrystalline, which can lead 

to grooved grain boundaries.  
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In the EBSD results, most of the alumina grains show up as a single crystal, but 

some TEM diffraction reveal some different orientations in the alumina grain, as shown 

below. 

 

Figure 4.8: (a) BF TEM image (Sample 2 from Figure 4.3) of the alumina grain tilted to 
the {1̅ 1̅ 2 0} zone axis, with the circle labeling the diffraction location. (b) experimental 
diffraction pattern from the selected region, (c) two sets of diffraction patterns are 
marked with different colors 

 

In the SEM images, the non-wetting behavior of monazite on the surface of the 

sapphire crystals is observed. In the hexagonal grains, the surface segregates into two 

types of features. One type of feature has thin monazite “strands” filling the majority of a 

triangular area, with alternate triangles containing either almost no monazite or 

monazite “balling up” into a circle on the surface. The first feature indicates partial 
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wetting between the two phases while the second indicates higher interfacial energy 

and poor wetting. The two types of features often show up in alternating triangular 

areas on top of the hexagonal grains, and monazite is on the surface of the grains only, 

confirmed by FIB milling. Figure 4.9 shows this characteristic of these grains. 
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Figure 4.9: (a)-(c) show SEM images of hexagonal sapphire grains commonly found on 
samples flash sintered with different parameters; (d) shows an illustration of the 
alternating wetting behavior. 

It can also be observed that the direction of the eutectic microstructure 

immediately adjacent to the sapphire single crystals have specific relationships with the 
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sapphire crystals, as shown in Figure 4.9 (c).  The eutectic microstructures next to the 

“non-wetting” triangles tend to be perpendicular to the hexagon edges while the 

eutectics next to the “partial wetting” triangles did not show such tendencies . 

4.5 Discussions 

4.5.1 Grain orientations can be inferred from the grain morphologies 

The shape of an equilateral or elongated grain is indicative of the crystalline 

orientation of the grain. Figure 4.10 illustrates how the different shapes of grains can 

result from faceting along different angles relative to the equilateral hexagonal grains. 

The more perpendicular the faceted surface is to the basal plane, the more elongated the 

grains appear.  

 

Figure 4.10: Illustrations of how the orientation affects the surface morphology of 
sapphire grains. 

 

Figure 4.11 shows a full view of one elongated grain, the bottom half of which 

exposed due to pores and the void around it. On the top slender surface, the SE contrast 

shows that complicated surface morphology has formed to accommodate the high-

energy faceting orientation which led to the elongated shape of this grain. The wider 

side surface, however, lacks contrast that indicate surface morphology, and thus can be 

inferred to be one of the low-energy planes. 
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Figure 4.11: An elongated alumina grain, the bottom half of which is exposed by pores. 

 

From the hexagonal alumina grains studied, the aspect ratio of the regular 

equilateral grains is often larger than 20, leading to a wide and flat polyhedron. The top 

and bottom surfaces of the alumina grains is often a pinacoid of the form {0 0 0 1}, being 

a parallel pair of planes. The opposing sides of the crystal can have forms of either 

domes or sphenoids, which requires further research to confirm. What is known from 

the electron diffraction, is that the side planes often are the {1 1̅ 0 2} pyramidal planes of 

sapphire. The theoretical angle between the basal plane and the pyramidal planes can be 

calculated, the angle is 57.6° between (0 0 0 1) and (1 1̅ 0 2), and 122.4° between (0 0 0 
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1) and (1 1̅ 0 2̅). The angles measured between the bottom and side planes of the regular 

hexagonal are 53.8°, 126.4°, and 52.3° for samples 1-3, respectively, which match fairly 

well. The discrepancies can come from errors induced in the FIB process, or that the side 

plane is not perfectly aligned with the hexagon edges, potentially to accommodate the 

monazites around it. 

4.5.2 The crystal morphology can be attributed to the difference in growth rates 

along different orientations  

It has been shown in past studies that the growth rate of different planes for 

aluminum oxide varies greatly, which is the main contributor to platelet growth and 

grain morphologies in doped alumina. The surface energy between alumina and 

monazite has not been quantitatively measured or studied regarding specific 

orientations, and growth rate of different planes have not been quantified either. 

However, it is reasonable to infer qualitative relationships between the surface energies 

and growth rate of different planes based on results from this study. 

The surface energies of {0 0 0 1} and {1 1̅ 0 2} planes are low for sapphire in a 

monazite or eutectic matrix. This can be concluded from the strong tendency of faceting 

along these planes. This could also apply to the interfacial energy of sapphire in a 

monazite or eutectic melt, given the estimated local temperature of the flash sintering 

process is often above the melting point of either alumina or monazite. The growth rate 

of {1 1̅ 0 2} planes is inferred to be much faster than that of {0 0 0 1} planes, because of 

the high aspect ratio. This conclusion echoes with the studies done on sapphire in doped 

compounds and in molten salt.122–126 
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4.5.3 Structural symmetry and surface termination may be the deciding factor of 

the wetting behavior 

The alternating triangular areas of wetting and non-wetting behavior of monazite 

on sapphire surfaces represent the three-fold symmetry of the alumina unit cell. α-

alumina belongs to space group 167 (R3̅c), which has a three-fold roto-inversion axis. 

This three-fold symmetry is expressed by the surface chemistry and surface termination 

of the sapphire crystal, which decides the wetting behavior of monazite. Reflective 

diffraction can help verify the surface termination in future experiments. 

The preferential wetting behavior also appears on elongated grains, with some 

surfaces crowded by monazite while others completely clean, as shown in Figure 4.12. 

This may be attributed to the difference in surface termination also. It is hypothesized 

that the surface termination of the non-wetting regions are Al-terminated, which is 

charge neutral and autocompensated, and the wetting regions are O-terminated, as 

broken bonds for the surface O atoms needs available cations to charge neutralize.127 
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Figure 4.12: An elongated grain showing the preferential wetting of monazite. 

 

4.5.4 Flash sintering can directly make alumina platelets in a composite material 

Traditionally, alumina platelets are manufactured first through aqueous 

synthesis or other means, then added as a reinforcement or a second phase material. 

The flash sintering process in this study started with a mixture of alumina and monazite 

powders and directly produced alumina platelets in the composite. This eliminated a 

separate manufacturing step and has great potential for forming sapphire platelets. 

Figure 4.13 shows the possible process of sapphire single crystals growing from the melt 

as well as the LaPO4 large grains. 



 

61 
 

 

Figure 4.13 Schematics of the sapphire grains growing from a eutectic liquid during flash 
sintering 

 

4.6 Conclusions  

• The morphology of the hexagonal alumina grains can be attributed to the 

crystalline orientation. When the surface is the basal plane, the grains appears as 

equilateral and equiangular hexagons; when the surface orientation deviates 

from the basal plane, the grains appear more and more elongated and less 

equilateral. 

• TEM diffraction confirms the side surfaces of the hexagonal grains are the {1 1̅ 0 

2} planes, and the edges on the surface of the hexagon are parallel to the a-axes of 

the hexagonal unit cell. 

• The preferential wetting of monazite on the sapphire surface represents the 

three-fold symmetry of the crystal structure of α-alumina, which very likely led to 

specific surface terminations and surface chemistry. 

Future work can be done to further understand the specifics of the surface chemistry 

through reflection electron diffraction or other surface techniques such as XPS. Flash 

sintering presents a promising method to produce alumina platelets in-situ, which can 

improve efficiency and reduce cost of adding a strengthening phase.  
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CHAPTER 5 CONSTRUCTION OF A EUTECTIC PHASE DIAGRAM 

FROM THE Al2O3-LaPO4 MICROSTRUCTURE 

5.1 Abstract 

Microstructures of the Al2O3-LaPO4 composites produced by flash sintering 

confirms that this is a eutectic-forming system. The construction of a eutectic phase 

diagram is been explored in this chapter. The solid solubility of the two phases were 

measured experimentally through EDS in STEM, the eutectic temperature of the system 

inferred from high-temperature DSC experiments, and eutectic composition of the 

system deducted from the microstructures of this system. CALPHAD calculations of the 

system was also conducted but did not produce satisfying results due to a lack of reliable 

experimental data in the databases. 

5.2 Introduction 

Methods for determining phase diagrams have been established in the literature, 

either through experimental means or thermodynamic calculations.128–130 The 

thermodynamic calculations reply on Gibbs free energy values from established 

databases. Thermocalc, one such program for these calculations, is one approach to 

determine the Al2O3-LaPO4 phase diagram. However these programs use databases from 

experimental systems and data is lacking for the four element system Al-La-P-O. (The 

Thermocalc database TCOX10 was used, but as will be shown, was insufficient.) 

Experimental methods that are commonly used to determine phase diagram with 

melting and crystallization transitions include high temperature differential scanning 

calorimetry (DSC), thermogravimetric analysis (TGA), and other high temperature 
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analysis such as high temperature electron microprobe x-ray analysis.131,132 Appropriate 

thermodynamic measurements are typically at slow heating rates of 5°C to ensure data 

accuracy in past studies. For experimental studies of binary phase diagrams (or in this 

case the quasi-binary of Al2O3–LaPO4), samples are made of different amounts of the 

starting constituents, then heated to determine when melting occurs. Melting is an 

endothermic phenomenon, so it will be displayed as a DSC as a trough. Exothermic 

events will be displayed as a peak. TGA is often used in connection with DSC to ensure 

sublimation is not occurring but all element stay as liquids or solids. After that samples 

are made and cooled to room temperature, microstructural studies can show which 

phase nucleate first and if any eutectics form. 

5.3 Experimental Methods 

5.3.1 STEM imaging and EDS analysis 

The starting material is a mixture of Al2O3-LaPO4 powders, thoroughly mixed and 

pressed into a dog-bone shaped green body. The samples are made from flash sintering, 

with specific details discussed in previous chapters. The flash sintered material was then 

cut by focused ion beam and TEM samples were made through milling. The FIB lamellae 

were from chosen sites of different samples, either with monazite or alumina abnormal 

grain growth on the surface. The samples were observed with scanning transmission 

electron microscopy and EDS data was collected from alumina grains and monazite 

grains in the sample. 

The EDS data was analyzed with the Cliff-Lorimer ratio method. The Cliff-Lorimer 

ratio states that for a thin sample, the integrated EDS peak intensity and the atomic 

percentages of two elements satisfy the following relationship: 
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𝐼𝐴

𝐼𝐵
= 𝑘𝐴−𝐵

−1 ∙
𝑛𝐴

𝑛𝐵
 Equation 5.1 

Where 𝐼𝐴 and 𝐼𝐵 are the EDS intensities of A and B elements, while 𝑛𝐴 and 𝑛𝐵 are 

the atomic percentages of A and B elements, respectively. 𝑘𝐴−𝐵 is the Cliff-Lorimer factor 

between elements A and B. To study the unknown solid solubility of Al2O3 and LaPO4 in 

each other, a known standard of LaAlO3 is first tested to establish 𝑘𝐴𝑙−𝐿𝑎. 𝑘 values 

between other elements were also established, such as 𝑘𝑂−𝐿𝑎 and 𝑘𝑂−𝐴𝑙, which were 

verified by analyzing results from single-phase LaPO4 and Al2O3 samples. Pure single 

crystal LaAlO3 was purchased commercially (MTI Corp., USA), milled into a FIB lamella 

and tested under the same condition as the composite materials. All STEM and EDS data 

were obtained with the JEOL JEM-2800 TEM at IMRI. 

5.3.2 High temperature DSC 

The sample analyzed is the starting powder of the ceramic composite, three 

compositions were tested first up to 1550°C: 25-75 vol. % Al2O3–LaPO4, 50-50 vol. % 

Al2O3–LaPO4, and 75-25 vol. % Al2O3–LaPO4. The samples were tested with 

thermogravimetric analysis and differential scanning calorimetry (TG/DSC) at IMRI 

(STA 449 F3 Jupiter®, NETZSCH, Germany). Samples were placed in alumina crucibles 

and heated to 1550°C with 10°C/minute, then the temperature is held for 20 minutes 

before cooling with 10°C/minute to room temperature. This test was done in an 

atmosphere of 28.6% O2 – 71.4% N2 simulating air with an empty reference. 

High-temperature TG/DSC testing was then done commercially (SETSYS 

Evolution, KEP technologies, France). Powders of 50-50 vol. % Al2O3–LaPO4 were tested. 

The measurement was run with the powders in a tungsten crucible under helium 
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atmosphere, also with a blank crucible as baseline. The thermo profile used for this test 

is the following: 25°C to 1450°C at 50°C/minute, 1450°C to 2150°C at 10°C/minute, and 

dwell at 2150°C for 2 minutes before cooling. 

5.3.3 CALPHAD simulation  

Calculations of the eutectic phase diagram was based on data from database 

TCOX10 in ThermoCalc. The Gibbs free energies of Al2O3, LaPO4 and the liquid solution 

phase with various compositions were exported at temperatures from 500 K to 3000 K. 

Both solid phases are considered intermetallic compounds with no solid solubility. At 

each temperature, the equilibrium composition of the liquid phase is determined 

following the common tangent construction with both the solid phases using Matlab, as 

demonstrated in Figure 5.1. 
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Figure 5.1 An illustration showing the process of deciding the equilibrium composition 
of a liquid phase at a set temperature. According to the common tangent of the Gibbs 
free energy curves, points A and B are under equilibrium at T1; the eutectic point E (T0) 
has the same common tangent between the three free energy curves.  

 

To verify the validity of the calculation, the B-FeB phase diagram was calculated 

with the same method. This system is well-established with no solid solubility in either 

phase also, therefore a suitable benchmark. Data for this system is exported from the 

TCFE10 database in ThermoCalc. 
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5.4 Results 

5.4.1 Limited solid solubility 

According to the EDS results from LaAlO3 and LaPO4 standards, the following 

𝑘𝐴−𝐵 values were obtained and used for subsequent calculations, as listed in Table 5.1. 

 

Table 5.1 The Cliff-Lorimer ratio 𝑘 established from single-phase LaAlO3, LaPO4 and 
Al2O3 standards. 

Types of 𝑘 Value of 𝑘𝐴−𝐵 = (
𝑛𝐴

𝑛𝐵
)/(

𝐼𝐴

𝐼𝐵
) 

𝑘𝑂−𝐿𝑎 (𝐿) 5.1 

𝑘𝐴𝑙−𝐿𝑎 (𝐿) 2.9 

𝑘𝑃 (𝐾)−𝐿𝑎 (𝐿) 2.8 

𝑘𝑂−𝐴𝑙 1.8 

  

The EDS spectra were acquired from various locations in the sample, as shown in 

Figure 5.2. There was an average amount of 0.3 at% Al in LaPO4 grains and 0.0 at% La in 

Al2O3 grains, both of which within error range of the EDS system and therefore 

negligible. There was also no difference in the results from the large grain on the surface 

and that from the corresponding phase in the eutectic microstructure. It can be 

concluded that there is negligible solid solubility for either Al in LaPO4 or La in Al2O3, if 

any. 
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Figure 5.2 STEM images of samples with eutectic microstructure and (a) Al2O3 single 
crystal on the surface and (b) LaPO4 grain on the surface. Point EDS were acquired at 
various locations, with the markers labeling several examples.  

 

5.4.2 High temperature DSC results 

DSC/TGA experiments up to 1550°C did not show any signs of melting in any of 

the 3 composites tested. At lower temperature of around 300°C, a mass loss of 2-6% was 

reported with a low endothermic effect for each of the three compositions. At 1205-

1260°C, a mass loss of 0-2% was observed in one of the two 50-50 vol. % Al2O3–LaPO4 

power samples, accompanied by an endothermic effect. 

The TG/dTG data from one 50-50 vol. % Al2O3–LaPO4 power sample is shown in 

Figure 5.3 and DSC/TGA data in Figure 5.4 and Figure 5.5. Above 1550°C, 4 endothermic 

events and 2 mass loss events were recorded in the 50-50 vol. % Al2O3–LaPO4 power 

sample tested. Between 1550°C and 1965°C, a gradual weight loss happens, then an 

evident mass drop at 1974.4°C, for a total of 13.2% before the sample retained mass 
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until 2020°C. The gradual mass decrease is accompanied by an endothermic effect at 

1887.8°C, and the evident mass drop is accompanied by an endothermic effect at 

1971.3°C. 

 

Figure 5.3 TGA and dTG signals recorded versus sample temperature and time during 
the heating ramp 
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Figure 5.4 TGA and DSC signals recorded versus sample temperature and time during 
the heating ramp – Initial mass : 61.22mg 

 

Figure 5.5 TGA and DSC signals recorded versus sample temperature and time during 
the cooling ramp 
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As the temperature keeps rising, around 2037°C, a rapid drop in mass can be 

observed with a large endothermic peak, followed by a rapid mass gain. This is 

indicative of sublimation or evaporation of the material, which then redeposited onto 

the rod inside the instrument causing the mass gain. The mass loss resumes and 

continues through the rest of the test cycle (dwell and cooling), which led to a total 

weight loss of 97%. The remaining 3% of material was analyzed by SEM EDS and is 

mainly consisted of SiO2 and C, with a limited amount of Al, as shown in Figure 5.6. 

 

Figure 5.6 BSE image and EDS maps of the residue from the high temperature DSC/TGA 
measurement 

 

5.4.3 Simulated phase diagrams 

As a test, the calculated B-FeB phase diagram was simulated and its comparison 

with the established diagram from the database are shown in Figure 5.7. The two 

diagrams match well and verifies the calculation process is effective.  
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Figure 5.7 Comparison between the established phase diagram of B-FeB from 
Thermocalc database and the calculated phase diagram from the exported Gibbs free 
energy 

 

The calculated phase diagram of Al2O3-LaPO4 based on exported Gibbs free 

energy is shown in Figure 5.8. The system is predicted to reach the eutectic melting 

temperature at 1589.5°C, and the eutectic composition is predicted to be 68–32 vol.% 

LaPO4–Al2O3. This contradicts the microstructure observed after flash sintering 

experiments for composites with various compositions, which is closer to a 50/50 vol.%, 

and does not match the high-temperature DSC results either, as discussed later. 
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Figure 5.8 The calculated phase diagram of Al2O3-LaPO4 

 

5.5 Discussions 

5.5.1 Solid solubility of the Al2O3-LaPO4 system 

The results from this study concluded that there is no detectable solid solubility 

between Al2O3 and LaPO4, which agrees with previous research on this subject.18 

Morgan et al.18 tested the compatibility of Al2O3 and LaPO4 up to 1750°C, and confirmed 

the solubility to be <1%. Moreover, no eutectic or peritectic liquid was observed by 
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Morgan et al.18 up to 1750°C, which confirms the eutectic microstructure found in this 

study formed at a temperature even higher. 

5.5.2 Eutectic temperature of the Al2O3-LaPO4 system 

The calculated eutectic temperature was incorrect, which is likely due to the 

inaccurate Gibbs free energy data from the database. Thermodynamic data for multi-

element ceramic systems (in this case with 4 elements La-Al-P-O) is commonly lacking 

or inaccurate. However, the eutectic temperature may be inferred from the high-

temperature DSC data. In theory, a eutectic melt is an endothermic reaction without 

mass loss or mass gain, and the endothermic event at 1887.8°C in the DSC data best fits 

this description. According to the DSC results, there are two endothermic events above 

1750°C and below 2037.6°C (temperature of sublimation). At 1971.3°C a rapid mass 

drop accompanies the endothermic event, and at 1887.8°C there is only gradual weight 

loss. Due to the lower rate of weight loss (dTG), a temperature close to 1887.8°C is more 

likely to be the eutectic temperature of the Al2O3-LaPO4 system. 

Other events detected by the DSC data may be explained as well. Monazite LaPO4 

often contains impurity phases that have excess phosphorous which have low-melting 

points. A common impurity phase is La(PO3)3 which melts at around 1235°C133. This can 

explain the activities between 1205.1°C and 1265.6°C. During cooling of the system, 

there is an exothermic event at 1743.7°C which may be the recrystallization of SiO2. Not 

only did the EDS results point to the remaining existence of SiO2 in the system, but also 

because the melting point of SiO2 is around 1710-1730°C, within reasonable error range. 

It is possible that SiO2 as an impurity is introduced during high temperature testing, as 

there are parts in the instrument that are silica.134 
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5.5.3 Eutectic composition of the Al2O3-LaPO4 system 

The eutectic composition of the Al2O3-LaPO4 system is inferred to be around 50-

50 vol.% Al2O3-LaPO4 based on microstructural analyses of the eutectic. Figure 3.7 

shows the microstructure produced when the composition of the system deviates from 

the eutectic composition: hypereutectic and hypoeutectic systems will produce grains of 

the proeutectic phase. Figure 3.6 shows that with 50-50 vol.% Al2O3-LaPO4 there is no 

proeutectic grains from either phase, and Figure 3.11(c) shows the same behavior with 

lower magnification. It can be inferred that 50-50 vol.% Al2O3-LaPO4 (43.8-56.2 wt% 

Al2O3-LaPO4 or 64.1-35.9 at% Al2O3-LaPO4) is very close to the eutectic composition, if 

not exactly. 

3D sectioning of the eutectic structure below the surface was done to explore 

how homogeneous the structure was, in case proeutectic phases solidified within the 

bulk of the material. No proeutectic grains were found in any of the cross-sections and 

confirms the bulk of the flash sintered region is consisted of only eutectic 

microstructures. A video of the 3D sectioned material can be found here.  

5.5.4 Reconstructed eutectic phase diagram 

It’s known in past literature that the melting temperature of Al2O3 is 2030°C and 

2070°C for monazite.105,106 Based on results from this study, the eutectic phase diagram 

of Al2O3-LaPO4 can be constructed as shown in Figure 5.9, with solubility below the 

limits of EDS detection.  

https://drive.google.com/file/d/1rBqXVCp-A0mymyCj9WDT9JildYr5ATly/view?usp=sharing
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Figure 5.9 Constructed eutectic phase diagram for Al2O3-LaPO4, dashed liquidous likes 
are only an illustration of possible curvature. 

 

5.6 Conclusions  

• There is no significant solid solubility between Al2O3-LaPO4 even at 

elevated temperatures above 1750°C. 

• Eutectic temperature of the Al2O3-LaPO4 system is likely 1890°C. 

• The eutectic composition of the Al2O3-LaPO4 is approximately 50-50 vol.% 

Al2O3-LaPO4 (43.8-56.2 wt% Al2O3-LaPO4). 

• Sublimation of Al2O3-LaPO4 can happen above 2020°C, specifically at 

2037.6°C in this study.  
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CHAPTER 6 MECHANICAL PROPERTIES OF THE EUTECTIC 

MICROSTRUCTURE 

6.1 Abstract 

The mechanical properties of the microstructures of Al2O3-LaPO4 produced by 

flash sintering are evaluated in this chapter. Specifically, hardness values of eutectic 

microstructures with different layer thickness and corresponding polycrystalline 

microstructures were measured and calculated. The hardness for eutectic 

microstructures were superior compared to the polycrystalline microstructures, and 

there was no obvious difference between the hardness values of eutectics with different 

layer thicknesses. The hardness measured for this system exhibit characteristics of 

reverse indentation size effect, where higher indenting loads lead to higher measured 

values. 

6.2 Introduction 

The mechanical properties of ceramic materials with eutectic microstructures are 

often superior to the conventional polycrystalline microstructures.115,135,136 Different 

mechanisms can contribute to the improvement of hardness and fracture toughness. For 

example, eutectic microstructures of the Al2O3-ZrO2 composites deflect cracks through 

the interface, and form rod-like pull out features when the material fails.136 Usually, 

these eutectic microstructures are formed by completely melting two immiscible phases, 

which requires very high temperatures and non-reactive containers. 

LaPO4 as the potential matrix for a ceramic composite material, is known to form 

debonding weak interfaces and improve the fracture toughness of the composite Al2O3-
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LaPO4 compared to a Al2O3 single phase.18,137 Al2O3-LaPO4 composites with eutectic 

microstructures therefore has great potential for superior mechanical properties. 

6.3 Experimental Methods 

Flash sintering was conducted on a 50-50 vol.% LaPO4-Al2O3 dog-bone sample at 

a furnace temperature of 1450°C with an electric field of 1100 V/cm, 25 mA/mm2 that 

was held for 12 s. On the surface of the sample, LaPO4 and Al2O3 grains with abnormal 

grain growth were produced, embedded in a matrix of eutectic microstructures. In order 

to expose the eutectic microstructures, the sample surface was ground down and 

polished to 0.5 μm using diamond lapping films (Ted Pella, Inc., USA). After polishing, 

the surface exposed had no large single-phase grains and were consisted of either 

polycrystalline grains or eutectic microstructures. 

The Hardness (HV) measurement was done using a microhardness indenter 

(Micromet5101, Buehler, USA). Vickers indentation was conducted with loads of 10 gf, 

50 gf, 100 gf, and 200 gf. The areas of indentations were illustrated in Figure 6.1. There 

was no visible difference in the microstructural features longitudinally, although the 

widths of the channeled region vary – the width of the fine eutectic structures range 

from 360 μm to 440 μm longitudinally. 
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Figure 6.1 Sketch of polished flash-sintered dog-bone sample, the regions with 
polycrystalline and eutectic microstructures are labeled. Indentations of different loads 
were done along the longitudinal direction. 

 

Hardness was then calculated using the following equation:  

 𝐻𝑉 = 0.0018544 ×
𝑃

�̅�2
 Equation 6.1 138,139 

where HV is the Vickers hardness value in GPa, P is the force in N, and �̅� is the 

mean diagonal length of the indentations in mm (𝐷1 + 𝐷2)/2. Examples of indentations 

done on eutectic and polycrystalline microstructures are shown in Figure 6.2. 
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Figure 6.2 Examples of Vickers indentation on various microstructures: (a) fine eutectic 
microstructure (100 gf), (b) coarse eutectic microstructure (100 gf), and (c) 
polycrystalline microstructure (10 gf). 

 

6.4 Results 

6.4.1 Predicted Vickers hardness for 50-50 vol.% LaPO4-Al2O3 

According to past literature, the Vicker’s hardness value of Al2O3 is 16.5 GPa, and 

5.7 GPa for LaPO422. The hardness of 50-50 vol.% LaPO4-Al2O3 can be predicted by the 

upper and lower bounds from the rule of mixtures.  

Upper-bound value 𝐻𝑉𝑈−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 = 𝑓1 ∙ 𝐻𝑉1 + (1 − 𝑓1) ∙ 𝐻𝑉2 Equation 6.2 138 

Lower-bound value 𝐻𝑉𝐿−𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 = (
𝑓1

𝐻𝑉1
+

1 − 𝑓1

𝐻𝑉2
)−1 Equation 6.3 138 

Where 𝑓1 = 50%, 𝐻𝑉1 = 16.5 𝐺𝑃𝑎, 𝑎𝑛𝑑 𝐻𝑉2 = 5.7𝑃𝑎. The calculated Vickers 

hardness for the composite is within 8.47~11.1 GPa. 
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6.4.2 Measured Vickers hardness for 50-50 vol.% LaPO4-Al2O3 

The microstructures on the polished surface and the corresponding Vickers 

hardness results obtained are shown in Figure 6.3. An overview of the whole sample 

surface is shown in the log-magnification SEM image of Figure 6.3 (g). In the images, the 

darker phase is Al2O3 and the brighter phase is LaPO4. Figure 6.3 (d) shows the 

microstructure of the center-most region of the sample, which is a fine eutectic 

microstructure with thicknesses on the scale of ~100 nm. Figure 6.3 (i) show the 

hardness values of the indents acquired according to their lateral positions relative to 

this fine eutectic region. The origin of the x axis in Figure 6.3 (i) is set to the left edge of 

the fine eutectics, negative x values represent indents to the left and positive x values 

represent indents to the right. Both the left and right edges of this center most region 

are labeled with black dashed lines in Figure 6.3 (h) and black dotted lines in Figure 6.3 

(i). Outside of this fine eutectics region are regions with coarse eutectics on both sides. 

The widths of these coarse eutectic areas vary and they are labeled with white dashed 

lines in Figure 6.3 (h), and colored dotted lines in Figure 6.3 (i). The boundaries in 

Figure 6.3 (i) are color-coded to match the legends of the corresponding indents. The 

layer thicknesses of these coarser eutectics range from sub-micron scale to a few 

microns. Despite the difference in layer thicknesses between the fine and coarse eutectic 

microstructures, no prominent differences in the hardness values were observed, as 

hardness values within the colored boundaries show in Figure 6.3 (i). 
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Figure 6.3 (a)-(h) SEM images the polished surface. Images (a)-(g) were taken from 
different locations across the channeled region, as labeled in (h). From the edge to the 
center (a)-(d) or (g)-(d), the microstructures observed were polycrystalline grains (with 
decreasing grain sizes), coarse eutectics, and fine eutectics. (i) shows measured 
hardness value in relation to the locations of the indent, the microstructure of which are 
labeled. Boundaries of the microstructures are marked by dotted lines in (h) and (i). 
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Farther from the center region, polycrystalline microstructure can be observed, 

as shown in Figure 6.3 (b) and (f). As the microstructure grows farther away from the 

center region, the grain sizes of the polycrystalline structure decrease, shown by Figure 

6.3 (a) and (g). Hardness values measured under the same load in these polycrystalline 

regions (Figure 6.3 (a), (g) and (b) (f)) were nearly the same despite the grain size 

change, as shown in Figure 6.3 (i) outside of the colored boundaries.  

Comparing the hardness measured from the polycrystalline regions and the 

eutectic regions, the hardness values obtained from latter were drastically higher than 

former, almost double in some cases.  

It can also be observed that the boundaries between the polycrystalline region 

and the eutectic microstructure (the white dashed lines) are susceptible to crack 

propagation, as seen in Figure 6.3 (h). 

6.4.3 Reverse indentation size effect 

Comparing the hardness values obtained from different indentation loads, a 

reverse indentation size effect (ISE) can be observed. As presented in Figure 6.4, the 

hardness values increase as the load increases for the same microstructure. The overall 

hardness of eutectic microstructures is higher than the polycrystalline structures, and 

the average measured hardness value measured with 200 gf approaches the upper-

bound of the predicted value from the rule of mixtures. 
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Figure 6.4 Measured Vickers hardness value as a function of the applied load for various 
microstructures of the composite system. 

 

6.5 Discussions 

6.5.1 Challenges of indentation on single phase samples 

In this study, attempts were made to indent single phase samples of LaPO4 and 

Al2O3. A large amount of spalling was found on both samples at a low load (25 gf for 

LaPO4 and 200 gf for Al2O3). They were both sintered at above 1500°C for over 5 hours, 

and cooled in the furnace after sintering. This rules out thermal stress as the cause for 

spalling. Spalling can also be attributed to fast loading rates of the indenter, but the issue 

was not resolved even after the indenter was adjusted to 1 mm/minute. Both samples 
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were reported to be only >93% dense, which may indicate that closed porosity play a big 

role in spalling. 

6.5.2 Theoretical models of the reverse ISE behavior 

Past literature has reported reverse ISE on other ceramic materials,139–142 two 

theoretical models can be applied to describe the behavior: the Indentation-induced 

cracking (IIC) model and Meyer’s law.  

The IIC model proposes that ISE effects can be described by the following 

equation when it is a brittle material:143 

 𝐻𝑉 = 𝐾 (
𝑃5/3

𝐷3
) Equation 6.4 

Where HV is the Vickers hardness value, P is the load and D is the mean diameter 

of the indents. By plotting ln HV against ln (
𝑃5/3

𝐷3 ), their relationship can be fitted linearly 

as shown in Figure 6.5.  
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Figure 6.5 Plot of ln HV against ln (
𝑃5/3

𝐷3 ), linear fit was extracted for data from each 

microstructure. 

 

The relationship can be empirically expressed as ln 𝐻𝑉 = ln 𝐾 + 𝑏 ∙ ln (
𝑃5/3

𝐷3 ), ln 𝐾 

and 𝑏 being the extrapolated intercept and slope values, respectively (shown in Figure 

6.5). The ln 𝐾 and b values calculated from the linear fit for the polycrystalline and 

eutectic microstructures are shown in Table 6.1. 

Table 6.1 value of ln 𝐾 and b for polycrystalline and eutectic microstructures 

 ln 𝐾 b 

Polycrystalline microstructure 1.808±0.216 0.565±0.0198 

Eutectic microstructure 1.865±0.0922 0.565±0.00783 
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The relationship between HV, P, and D is therefore: 

 𝐻𝑉 = 𝐾 (
𝑃5/3

𝐷3
)

𝑏

 Equation 6.5 

Comparing Equation 6.4 and Equation 6.5, it can be concluded because b≠1, the 

parameter K is dependent on the load P, therefore the IIC model cannot be applied to 

this material system to predict a load-independent hardness value.140 The authors of the 

IIC model also attributed reverse ISE to indentation cracking,143 but cracking has not 

been prominent or consistent in this study. Conclusions can be made that cracking is not 

the main reason for the reverse ISE in this system.  

The second model used to characterize reverse ISE is Meyer’s law.144 The form of 

Myer’s law can be expressed as:  

 𝑃 = 𝐴𝐷𝑛  Equation 6.6 145 

By plotting ln 𝑃 and ln 𝑑, values of A and n can be explored. Figure 6.6 shows the 

scatter plot of ln 𝑃 and ln 𝑑𝐷 from the different microstructures, which does not show a 

clear linear trend, however. It has been reported in the past that linear fitting of Meyer’s 

law can be segmented into more than one parts, for example, Sangwal et al.140 

discovered that by fitting separately at low loads (P ≤ 50 g) and high loads (P ≥ 50 ) 

Meyer’s law gives the best-fit plots. However, data from P > 200 g is lacking for this 

study to decide what the relationship between P and D is at higher loads, and whether it 

is suitable to fit values from P ≥ 200 g with a separate linear fit. 
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Figure 6.6 ln P plotted with ln D according to Meyer's law. 

 

6.6 Conclusions 

• The hardness of eutectic microstructures is superior to that of the 

polycrystalline structures. 

• In this study, the hardness of eutectic microstructures with different layer 

thickness showed no prominent differences. 

• Micro-hardness measurements of the 50-50 vol.% LaPO4-Al2O3 system 

follow the reserve ISE, with lower hardness values at smaller loads. 
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

7.1 Conclusions 

The effects of flash sintering on composite ceramic materials were investigated in 

this work. Results from flash sintering LaPO4-8YSZ composites show the catalytic effects 

of 8YSZ in assisting flash sintering, which echoes with previous experimental 

work.31,87,146,147 Single phase LaPO4 first tried to be flash sintered in this work, did not 

flash on its own, while addition of 8YSZ enabled flash sintering of LaPO4-8YSZ 

composites. Single phase α-Al2O3 did not flash sinter on its own either within limitations 

of our equipment. LaPO4-Al2O3 composites, however, could be flash sintered despite the 

lack of flash for single phases. This can potentially be attributed to the hetero-interfaces 

in the composites. 

Flash sintering of the LaPO4-Al2O3 composites happen through extensive 

channeling in the material, producing a highly heterogeneous microstructure. Within the 

channeled region, eutectic microstructures of LaPO4-Al2O3 were observed, establishing 

this system to be eutectic-forming at high temperatures. Local temperatures reached 

during flash sintering were estimated through calculation. 

Various experimental parameters of flash sintering were investigated, including 

electric field densities, electric current densities and hold times after the flash 

phenomena, and how they affect the microstructures. With higher electric currents (≥5 

mA/mm2 in this study), there are large grains of LaPO4 and hexagonal sapphire crystals 

produced in the channeled region. The eutectic microstructure appears more regular 

and ordered as well, compared to materials processed by lower electric current (2 
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mA/mm2). With an electric current of 2 mA/mm2, no grains with abnormal grain growth 

were observed, and the primary microstructure in the channel region was composed of 

eutectic microstructures with randomly oriented irregular eutectics. 

The crystallinity and symmetry of the Al2O3 large sapphire crystals produced by 

flash sintering were studied. The Al2O3 grains were mainly single crystals with strong 

faceting tendencies, the majority of them appear equiangular, shaped as either 

equilateral hexagon grains or elongated hexagons. Electron microscopy characterization 

revealed that the shapes of the large grains are indicative of their orientation and 

faceting of the Al2O3 large grains strongly prefer low-energy planes such as the basal or 

pyramidal plane. The size of the sapphire crystals can be tailored by adjusting the 

parameters of flash sintering also. 

The mechanical properties of the eutectic microstructures produced by flash 

sintering were measured. The hardness of eutectic microstructure were almost doubled 

from the polycrystalline microstructures. For both polycrystalline and eutectic 

microstructures, the hardness value measured showed strong dependence on the load 

applied, where reverse indentation size effect was observed. 

This study also proposed a constructed phase diagram for this eutectic-forming 

LaPO4-Al2O3 system, with negligible solid solubility, an eutectic temperature between 

1880°C and 2037°C, and a eutectic composition close to 50-50 vol% LaPO4-Al2O3. 

7.2 Future work 

Future work is still needed to further the understanding of the flash sintering 

process in composites and to better determine why two phase systems can more easily 

flash compared to their individual components. 
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Synchrotron experiments of the flash sintering process for LaPO4-Al2O3 could be 

used to verify the occurrence of melting in-situ. It could also estimate the local 

temperatures during flash with the help of a marker material such as platinum, at least 

up to melting temperature of platinum. 

High temperature DSC experiments between 1880°C and 2030°C with a slower 

scanning rate could help better determine the nature of the endothermic events and 

more exactly pinpoint the eutectic melting temperature. The eutectic composition of the 

system could be better simulated if databases with more accurate thermodynamic data 

for the constituents is available in the future. 

Further TEM work on the interfaces between LaPO4-Al2O3, could tease out if 

there are specific orientation relationships and be used to characterize the interfacial 

energy between the two phases, as well as any grain boundary segregation. The study of 

interfacial energies of specific crystalline planes and controlled experiments on 

analyzing the growth rate of the low-energy planes can shed light on the fundamental 

mechanisms for microstructural development in this system. 

To determine the surface termination and surface chemistry of the sapphire 

crystals, characterization techniques such as atomic scale scanning tunneling 

microscopy measurements, low-energy electron diffraction, and reflection high-energy 

electron diffraction could be conducted.  
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APPENDIX A ADDITIONAL MICROSTRUCTURES PRODUCED BY FLASH 

SINTERING 

Micrographs from microstructures produced by flash sintering

 

Figure A.1 Thin eutectic microstructure observed by SEM in a 50-50% Al2O3-LaPO4 
sample flash sintered at 1450°C, 1100V, 25mA/mm2, held for 10 s. The sample surface is 
polished so that grains with abnormal grain growth are ground and eutectic 
microstructures are exposed. 
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Figure A.2 Eutectic microstructure observed by SEM in a 50-50% Al2O3-LaPO4 sample 
flash sintered at 1450°C, 1100V, 25mA/mm2, held for 10 s. The sample surface is 
polished so that grains with abnormal grain growth are ground and eutectic 
microstructures are exposed. The area observed is close to the edge of the channeling. 
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Figure A.3 Eutectic microstructure observed by SEM in a 50-50% Al2O3-LaPO4 sample 
flash sintered at 1450°C, 1100V, 25mA/mm2, held for 10 s. The sample surface is 
polished so that grains with abnormal grain growth are ground and eutectic 
microstructures are exposed. The area observed is the edge of the channeling, 
polycrystalline microstructure can be observed on the right. 
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Figure A.4 Various sapphire crystals observed in a 50-50% Al2O3-LaPO4 sample flash 
sintered at 1450°C, 950V, 25mA/mm2, held for 5.5 s. Top row images were BSE images 
and bottom row were the same view with SEM images. Areas with darker contrast are 
Al2O3 and brighter contrast are LaPO4. 
 

 

Figure A.5 Eutectic microstructures observed with BSE imaging in the channeled region 
of 50-50% Al2O3-LaPO4 samples flash sintered at 1450°C, 1100V, 25mA/mm2, (a)-(e) 
held for 7.5 s, (f) held for 12 s .  
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Figure A.6 Eutectic microstructures showing a pattern similar to 3-fold symmetry, when 
a single crystal is at the center of the pattern. BSE images were obtained in the 
channeled region of 50-50% Al2O3-LaPO4 samples flash sintered at 1450°C, 1100V, 
25mA/mm2, (a)-(d) held for 7.5 s, (e), (f) held for 12 s.  
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Figure A.7 Other microstructures observed with BSE in the various area of the 
channeled region of 75-25% Al2O3-LaPO4 samples flash sintered at 1450°C, and held for 
8 s, (a),(b) flashed with 850 V/cm, 5 mA/mm2, (c)-(e) flashed with 950 V/cm, 25 
mA/mm2. Majority of the microstructure in the channeled region is similar to Figure 3.7 
(b). 
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Figure A.8 Majority of the sapphire grains are hexagonal shaped, but there are some 
other morphologies that exist in the channeled region of flash sintered 50-50% Al2O3-
LaPO4 samples, as observed by BSE imaging. Flash sintering conditions are: (a) 1450°C, 
950 V/cm, 25 mA/mm2, 5.5 s, (b)-(d) 1450°C, 1050 V/cm, 15 mA/mm2, 6 s, (e) 1450°C, 
1100 V/cm, 25 mA/mm2, 7.5 s. 
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