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                                 ABSTRACT OF THE DISSERTATION 

Grain Boundary Segregation and Energy Anisotropy in Multiphase Oxide Ceramics 

 

By 

 

Komal Syed 

Doctor of Philosophy in Materials Science & Engineering 

University of California, Irvine, 2021 

Professor Martha L. Mecartney, Chair 

Professor William J. Bowman, Co-chair 

 

The properties of polycrystalline ceramics are dependent on the properties of their 

constituents: grains, surfaces, and grain boundaries. Grain boundary behavior has been widely 

studied for different ceramics, particularly single-phase systems with added dopants. However, 

there is a wide research gap to understand how various processing techniques affect multiphase 

ceramics and their grain boundaries. Also, while the measurements of grain boundary energies in 

single-phase ceramics have been carried out for decades, there is limited understanding of how 

grain boundary energies vary between single phase and multiphase ceramics due to changes in 

local grain boundary chemistry.  In this thesis, we thus seek to expand the understanding of grain 

boundary segregation and energy anisotropy in multiphase oxide ceramics. 

The effects of using different sintering techniques (conventional, flash and spark plasma 

sintering) on grain boundary segregation are investigated in a 3-phase polycrystalline ceramic 

(8 mol% Y2O3 stabilized ZrO2 (YSZ), α-Al2O3 and MgAl2O4). Using aberration-corrected STEM-

EDS, we show Al segregation at YSZ-YSZ boundaries, and Y/Zr segregation at Al2O3-Al2O3, 

MgAl2O4-MgAl2O4 and MgAl2O4-Al2O3 boundaries. YSZ-MgAl2O4 and YSZ-Al2O3 

heterointerfaces, in contrast, do not show elemental segregation. Our results indicate that while the 
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type of segregation at any particular interface does not change with different sintering processes, 

the quantity of segregants is directly affected by processing type. Next, we determine the grain 

boundary and interfacial energies in conventionally-sintered single and multiphase oxides 

(combination of YSZ, Al2O3 and/or MgAl2O4 phases) using AFM. We find that grain boundary 

energies play a critical role in microstructural evolution in multiphase ceramics. Furthermore, we 

report that energies of heterointerfaces are intermediate between the grain boundary energies of 

the constituent phases. Lastly, we expand on the role of interfaces in ceramics by focusing on a 

thin-film oxide system (La0.6Sr0.4FeO3 or LSF). The phase decomposition (single-to-multiphase) 

via exsolution is characterized using STEM-EDS, and we report a distinct variety of Fe-based 

nanostructures formed in the host LSF matrix. Importantly, the grain boundaries and interfaces are 

found to be the primary sites for Fe-nucleation in LSF. This thesis, and any resulting publications 

from it, will serve as a beneficial guide to understand the role of grain boundaries and interfaces 

in multiphase engineering systems in relation to their thermal, electrical, mechanical, and chemical 

properties.  
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CHAPTER 1:  Introduction   

(Note: The experimental methods are explained in later sections of the dissertation. STEM-EDS 

details can be found in Chapters 2 and 4, and AFM details can be found in Chapter 3) 

1.1. Grain Boundaries and Heterointerfaces in Ceramics  

Grain boundaries or interfaces are 2D material defects with excess free energy per unit 

area. An interface between two phases comprised of the same material is called a homointerface 

or simply a grain boundary. On the other hand, a heterointerface is described as an interface 

between two different phases (Fig. 1). Ceramic grain boundaries and heterointerfaces are of critical 

importance because they not only govern microstructural evolution and processing, but also play 

a key role in controlling material properties8,9. Thus, the performance of ceramic materials can be 

optimized by tailoring the properties of grain boundaries10,11.  

 
Fig. 1.1: Schematic diagrams of solid-solid interfaces between (a) same phases (i.e. homointerface) and 

(b) different phases (i.e. heterointerface) in an oxide. [Reproduced from Ref.1] 

 

1.2. Grain Boundary Segregation  

      Solute segregation to grain boundaries and heterointerfaces can strongly influence the 

properties of ceramics12. Due to the complexity of ceramic grain boundaries, compared to metals, 

it is important to conduct careful characterization of grain boundary characteristics and how they 
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affect the final material performance13. While the impurities in metals can generally be removed 

by different refining methods, ceramics are known for hosting variety of impurity species (even in 

relatively pure single-phase samples)9. Grain boundary segregation is thus dictated by either 

impurity species (Fig. 1.2), solute species (Fig. 1.3), or dopants (Fig. 1.4).  

Fig. 1.2: STEM-BF image of an edge-on grain boundary in transparent alumina sample. EDS map 

showing Cl-anion impurity at the grain boundary, incorporated during the powder synthesis [Reproduced 

from Ref. 2]. 

 

 

Fig. 1.3: EDS elemental maps and corresponding line profiles of Zr, Y and O for a model GB in YSZ 

bicrystal system [Reproduced from Ref. 3].  

 

Segregation at grain boundaries can serve to disrupt phonon propagation, reducing thermal 

conductivity. It has been established decades ago that there exists a temperature discontinuity at 

the grain boundaries causing thermal resistance known as Kapitza resistance14. Kinoshitat et al.15 

found that in a system of SiC with Al2O3 as additive, the thermal conductivity was decreased by 

grain boundary scattering due to Al and O segregation at the grain boundaries15. Tai et al.16 have 
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studied the Kapitza resistance for low-angle grain boundaries in alumina as a function of 

misoriention16. They determined that the magnitude of Kapitza resistance is dominated by 

interfacial defects and this resistance increases almost linearly with grain boundary energy. While 

studying kapitza resistance for segregated grain boundaries in β-SiC, Goel et al.17 concluded that 

the increased clustering of segregated atoms at the grain boundaries result in major local disorder 

which is a primary reason behind increase in Kapitza resistance at the grain boundary17. 

 

 
Fig. 1.4: STEM-DF image of zirconia-doped alumina and corresponding EDS elemental maps 
[Reproduced from Ref. 4]  

 

Another important property of ceramics that is affected by grain boundary segregation is 

fracture toughness.  Cao et al.18 studied the effect of ytterbium doping in spinel grain boundaries. 

They found out that the toughness of Yb-doped grain boundaries, where Yb was segregated, was 

significantly higher ~30% compared to the undoped boundaries18. When Shibata et al.19 studied 

the interfacial structure of Si3N4 ceramics, they found rare-earth elements like La and Lu 

segregated at the interfaces. A direct correlation was made to a previous study by Satet et al.20  
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where it was determined that the fracture toughness of Si3N4 was higher with the addition of Lu2O3 

as dopant compared to La2O3 
29–31. Thus, any change in grain boundary segregation can have a 

significant effect on the material properties. 

1.3. Grain Boundary Energy  

      Grain boundary energy can be simply described as the work required to create a unit area 

of grain boundary21. It has been established that grain boundary energies are anisotropic and play 

an influential role in microstructural development, and consequently control the material 

properties21–25. Several factors can affect grain boundary energy such as changes in temperature, 

grain boundary chemistry etc. The effect of temperature on grain boundary energy has been studied 

in both pure and doped materials24–28. Typically, grain boundary energy decreases with increasing 

temperature in pure materials due to entropy5,24,26. However, grain boundary energy variation will 

also depend on changes in grain boundary chemistry for systems with solute/dopant segregation. 

For instance, Kelly et al.26 showed that grain boundary energy increases with increase in 

temperature in Y-doped alumina samples. This is because bulk solubility generally increases with 

increase in temperature so interfacial segregants can dissolve back in the bulk, resulting in the 

reduction of grain boundary excess.  

tab surface5,21 (Fig. 1.5). Experimental grain boundary energy measurements are typically 

carried out by characterizing the thermal grooves, assumed to be in thermodynamic 

equilibrium5,21,29. Atomic force microscopy (AFM) is a common way to observe the geometry of 

grooves. Fig. 1.5a-b shows AFM images of thermally etched surface of SrTiO3 with a closed loop 

grain boundary. Fig. 1.5c shows a schematic of a groove profile with corresponding groove 

geometry parameters useful in calculating grain boundary energy. The details of grain boundary 

energy calculations and relevant equations are discussed in Chapter 3.  
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Fig. 1.5: (a) AFM 2D map showing a closed loop grain boundary in SrTiO330. (b) 3D map of partial 
region of the grain boundary in (a). Profile of a thermal groove showing the different parameters (depth, 

width, groove angle β and dihedral angle ψ) used to measure grain boundary energy [Reproduced from 

Ref. 5]. 
 

1.4. Motivation for Studying Multiphase Ceramics 

 

Grain boundary segregation behavior has been explored extensively for bi-crystals and 

doped/undoped single-phase polycrystalline systems3,19,31–35, but there is a clear lack of literature 

focused on complex multi-phase systems. Multiphase engineering ceramics have more interface 

diversity, and contain more complicated heterointerfaces. The study of these systems is important 

because most engineering ceramics are multiphase, thus investigating multiphase polycrystalline 

systems can provide critical insights about how heterointerfaces behave differently compared to 

homointerfaces, and consequently understand the role of these defects on material properties. 
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The phases chosen for this research 8YSZ, MgAl2O4 and Al2O3 have all been studied as single 

phases for several decades, commercially available as both powders and single crystals, are 

chemically stable and do not form any secondary phases 36–43. Past studies have highlighted that 

segregation chemistry in these materials varies considerably even between undoped and doped 

systems4,18,32,39,44–47. For instance, Y segregation is widely observed at YSZ grain boundaries 

explained by classical space charge theory 3,48–51; but when YSZ is doped with Al2O3, both Al and 

Y segregation have been observed39. Moreover, various ceramic processing techniques create 

additional and distinct complexity in understanding grain boundary segregation. Based on findings 

from previous literature and the variety of factors which could affect segregation, grain boundary 

segregation in multiphase ceramics can be quite distinct compared to their single-phase 

counterparts, because of the presence of other phases in the system that act as infinite sources of 

ions to segregate at grain boundaries. Thus, characterizing multiphase ceramics can provide 

relevant practical knowledge for grain boundary engineering because the integrity and 

performance of technical ceramics depend highly on the chemistry and structure of their defects.  

1.5. Exsolution in Thin-film Oxide Ceramics 

Exsolution, also called “self-regeneration” or “solid-state crystallization,” is a phase 

decomposition phenomenon in which metal cations are segregated from the oxide lattice, typically 

under reducing atmosphere (see Fig. 1.6)52. This is often observed in the vicinity of defects like 

surfaces and grain boundaries due to the relatively lower vacancy formation energy. Metal 

nanoparticles in oxide support are important functional components for many energy storage and 

conversion applications6,53. This phenomenon has been studied a lot in recent years and it is 

understood that the phase transition during exsolution process occurs in four stages of diffusion, 

reduction, nucleation and growth52,54. 
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For this study, the goal is to understand the different types of nanostructures formed during 

an exsolution process and the role of grain boundaries and interfaces in the formation of these 

nanostructures.  

 

Fig. 1.6. Exsolved Fe-oxide particle on La0.6Sr0.4FeO3 (LSF) thin film. (a) SEM image of an LSF film 
after exsolution process. (b) HAADF-STEM cross-sectional image of an exsolved Fe3O4 particle 

(originally metallic Fe, oxidized after exposure to air) and corresponding EDS maps. (c) High resolution 

HAADF-STEM image of the region highlighted in (b). [Reproduced from Ref.6] 

 

1.6. Problem Statement and Research Objectives                                                                                                               

Multiphase ceramics can be used to achieve various desirable properties which may not be 

possible in their single-phase counterparts55. Furthermore, finer grain sizes can be achieved in 

multiphase ceramics compared to single-phase constituents56,57. This is important because all 

mechanical, thermal, electrical, chemical properties of ceramics can be affected by grain size58–67. 
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Thus, optimizing grain size results in abundance of grain boundaries in any fine-grain 

polycrystalline ceramic which consequently plays a critical role in controlling the bulk material 

performance. However, as discussed previously, most studies to-date have been mainly focused 

on understanding grain boundary behavior in single-phase systems or bi-crystals. In addition, there 

are various sintering techniques used to process ceramic powders and the role of different 

processing methods on grain boundary behavior is not well-understood, particularly in multiphase 

systems.  

In order to address the issues stated above, the dissertation is organized as follows: 

Chapter 2: First we investigate how different processing techniques (conventional, flash and 

spark-plasma sintering) affect grain boundary segregation in a three-phase ceramic 

(YSZ/MgAl2O4/Al2O3). Scanning transmission electron microscopy (STEM) and energy 

dispersive spectroscopy (EDS) are primarily used for this study. 

Chapter 3: We then focus on conventionally sintered ceramics and investigate how grain 

boundary and interfacial energies vary between single (YSZ, MgAl2O4, Al2O3) and multiphase 

(YSZ/Al2O3, YSZ/MgAl2O4, MgAl2O4/Al2O3) ceramic systems. AFM is primarily used for this 

study. 

Chapter 4: Lastly, staying on theme with oxide ceramics, we expand the scope of this dissertation 

from bulk to thin-film ceramic systems (exsolved Fe-particles in LSF films) and study the role of 

grain boundaries and interfaces in surface and bulk exsolution. STEM and EDS are used for this 

study.  

 



9 
 

CHAPTER 2:  Correlating Grain Boundary Segregation to Sintering Techniques in 

Multiphase Ceramics 

2.1. Introduction 

Grain boundaries play a critical role in engineering materials in terms of their material 

properties, such as thermal conductivity, fracture strength, high temperature creep, corrosion, 

electrical, chemical and magnetic properties 13,31,40,68–72. Grain boundaries can be considered 

2D defects that have excess free energy. Understanding the elemental segregation at grain 

boundaries and point defect generation in bulk can provide practical processing knowledge for 

desirable properties using grain boundary engineering 17,73. While there are many similarities 

between grain boundary characteristics of metals and ceramics, the ionic character of ceramic 

grain boundaries and complex crystal structures in ceramics add a further degree of complexity 

13,74. Since the applications and integrity of ceramics depend highly on the chemistry of these 

defects, significant research has been done to analyze grain boundary segregation behavior in 

ceramics 13,74.  

Bulk ceramic processing includes the densification of powders at high temperatures. 

Different ceramic processing techniques have been developed and are still developing to fully 

densify ceramics in shorter times and lower temperatures, such as with the application of 

electric field and pressure, for energy and cost savings 57,75–79. However, these changes in 

processing techniques can have a significant impact on the composition, structure and stability 

of the grain boundaries. For instance, elemental segregation at grain boundaries and point 

defect generation in the bulk can serve to disrupt phonon propagation, reducing thermal 

conductivity 15,80. Goel et al. 17 concluded that the increased clustering of segregated atoms at 

the grain boundaries result in major local disorder which is the primary reason behind increase 

in thermal grain boundary (Kapitza) resistance. Furthermore, correlations between grain 
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boundary chemistry and mechanical properties, such as fracture toughness, have been widely 

studied 18,20,81,82. Thus, any change in grain boundary segregation can have a significant effect 

on material properties. 

While the grain boundary segregation behavior has been explored widely for different 

ceramic systems, most studies to date have been focused on bicrystals or single-phase 

polycrystalline ceramics with added dopants 3,19,31–34,83. Furthermore, most of such studies 

focus on qualitative observations of grain boundary segregation or relation to various material 

properties, whereas quantitative segregation analyses are limited. Several factors can affect the 

segregation behavior in ceramics such as point defect interactions, impurity/dopant cation size, 

grain boundary energy, and electrostatic interactions 74. Segregation chemistry varies 

considerably even between undoped and doped single phase ceramics. For instance, Y 

segregation is widely observed at YSZ grain boundaries explained by classical space charge 

theory 3,48–50; but when YSZ is doped with Al2O3, both Al and Y segregation have been 

observed 39. However, multiphase engineering ceramics have more interface diversity, and 

contain more complicated heterointerfaces. Moreover, various ceramic processing techniques 

create additional and distinct complexity in understanding grain boundary segregation. Based 

on findings from previous literature, and the variety of factors which could affect segregation, 

we hypothesize that grain boundary segregation in multiphase ceramics can be quite distinct 

compared to their single-phase counterparts, because of the presence of other phases in the 

system that act as infinite sources of ions to segregate at grain boundaries. Thus, exploring this 

experimentally will address a significant gap in understanding how different sintering 

processes affect the grain boundaries in technical ceramics.  
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In this study, we report direct observation of segregation at grain boundaries for a three-

phase polycrystalline ceramic Al2O3 – MgAl2O4 – YSZ using aberration-corrected STEM-

EDS. The model ceramic system chosen for this study consists of phases which are all widely 

used engineering ceramics, commercially available as both powders and single crystals, are 

chemically stable and do not form any secondary phases. This study explores the correlations, 

both qualitative and quantitative, between grain boundary segregation behavior and different 

sintering techniques: (1) conventional sintering, (2) flash sintering 78, and (3) spark plasma 

sintering (SPS) 79. In addition, the effects of annealing times after SPS sintering on grain 

boundary segregation are discussed. 

 

2.2. Materials and Methods 

       

Conventional Sintering: Starting powders of 8 mol% yttria stabilized zirconia or YSZ 

(Y0.08Zr0.92O2, TZ-8YS Tosoh), Al2O3 (TM-DAR Taimei) and MgAl2O4 (S30CR Baikowski) 

were used in equal amount by volume (33 vol%). The powders were attrition milled for ~8 

hours and the slurry was dried overnight at 100 °C. Mortar and pestle were used to break any 

agglomerates. The mixed powder was pressed using a cold isostatic press at 55 kpsi for 5 

minutes, and the green body was sintered at 1550 °C for 10 hours in air with heating rate of 10 

°C/min. Using the Archimedes displacement method, the density was measured to be 97%. 

The average grain size was 1 µm for this sample. 

Flash Sintering: Processing details of flash sintered sample were published previously 

57,84. The furnace was heated to 1450 °C using a constant rate of 10 °C/min. Flash sintering 

experiments were performed at an applied electric field of 650 V/cm with a 6 s current hold at 

50 mA/mm2. The electric field and current density were constant throughout the process. Kok 

et al. 84 reported using in-situ data that the actual sample temperature was much higher (~1700 
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°C) than the furnace temperature during the flash sintering experiment, due to significant Joule 

heating produced by the current flowing through the sample. The average grain size of this 

sample was 230 nm. 

Spark Plasma Sintering: Two different SPS samples were prepared for this study, as 

reported previously 65. Both SPS samples were sintered at 950 °C for 5 minutes using heating 

rate of 100 °C/min under 100 MPa. The first sample was annealed at 1000 °C for 1 hour to 

remove carbon contamination which is typical during SPS process; this sample will be referred 

as ‘SPS’ from this point. The SPS sample had an average grain size of 260 nm. The second 

sample went through prolonged annealing of 20 hours at 1350°C after sintering, to allow for 

grain growth. This sample will be referred to as ‘SPS anneal’ for the rest of the chapter. The 

average grain size of the SPS anneal sample was 690 nm.  

All sintered samples were coated with 5-7 nm of carbon coating using a Leica sputter coater. 

TEM samples were prepared by the lift-out method using a Tescan GAIA3 SEM integrated 

with focused ion beam (FIB).  

Scanning Transmission Electron Microscopy (STEM) - Energy Dispersive X-ray 

Spectroscopy (EDS) Characterization: Grain boundaries were analyzed using an aberration-

corrected STEM operated at 300 keV (JEOL Grand ARM300CF). This instrument is equipped 

with dual silicon drift detectors for energy dispersive x-ray spectroscopy (EDS) with total 

detector area of 200 mm2. STEM-EDS mapping and spot analysis were applied using the 

following EDS peaks: O (Kα at 0.52 keV), Mg (Kα at 1.25 keV), Al (Kα at 1.49 keV), Y (Kα at 

14.95 keV and Kβ at 16.74 keV) and Zr (Kα at 15.78 keV and Kβ at 17.67 keV). The probe size 

was ~0.1 nm with a probe current of ~35 pA. A low-background, high count analytical TEM 

holder was used to minimize any stray x-rays caused by the holder. Gatan Microscopy Suite 



13 
 

(GMS version 3) software was used. Net counts for EDS elemental maps were obtained after 

background subtraction using Kramers filter (with scaling option available in GMS to better 

align the measured background to the original data). The EDS parameters were optimized 

based on minimizing beam damage versus increasing net EDS counts. 

The quantification of elemental segregation at the grain boundaries was performed using 

the Cliff-Lorimer method 85,86. EDS maps were acquired close to the midpoint of the grain 

boundaries between triple junctions, over ~12-15 min per boundary using step sizes close to 

the probe size ~0.1 nm. Due to the widely known limitations of quantification of light elements 

(O or below) using EDS, only quantification of cations (Mg, Al, Y and Zr) was completed for 

grain boundary compositional analysis in this study. The k-factors (kMg-Al, kY-Zr and kAl-Y) were 

calculated using experimental spot EDS data of standard powders MgAl2O4, 8YSZ, and 

Y3Al5O12 (>99% purity) respectively. The dwell time per spot was 150 seconds to ensure a 

high number of counts for reliable quantification. The same background subtraction method 

was used as mentioned earlier for the 3-phase samples. These three standard powders were 

selected because they have a known composition, and each standard relates two of the elements 

of interest in our 3-phase system. Unlike Mg/Al and Y/Zr which are close in atomic number, 

Al/Y is expected to have a large difference in absorption correlated with thickness effects 46,87. 

Therefore, we determined experimental kAl-Y value (from Cliff-Lorimer equation) using 

Y3Al5O12 powder particles of similar estimated thickness to our TEM samples, ~100-110 nm. 

All experimental k-factors (mean value and one standard deviation) are provided in Table 1.1.  

                          Table 2.1: Measured k-factors using standard powders  
 

Standard 

Powder 

Element ratio Measured k-

factors 

Software k-

factors 

MgAl2O4 Mg:Al 1.08 ± 0.04 1.00 

YSZ Y:Zr 0.81 ± 0.06 0.93 

Y3Al5O12  Al:Y 0.57± 0.01   0.37 
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A small Al signal was observed in the EDS spectra of YSZ powder (Fig. 2.1), which was 

determined to be an Al artifact. This Al artifact signal was further confirmed using a hole count 

test. Fe was also consistently observed in the EDS spectra, coming from the microscope 

column. The Al EDS quantification artifact was corrected for all grain boundaries analyzed in 

all samples of this study. This was done by calculating an average Fe/Al net count ratio from 

ten EDS spot spectra obtained from YSZ powder, and subtracting the Al signal (via the Fe 

signal) from spectra measured on our experimental specimens. 

3.  

Fig. 2.1. EDS spectrum of YSZ powder (with marked Kα peaks only) showing Al artifact peak marked 

with red arrow. The y-axis (counts) has been cropped for visibility of the small Al peak. 

To survey multiple variants of boundaries in the samples analyzed, 2-5 grain boundaries of 

each type were characterized in each sample. Grain boundaries were tilted to be parallel to the 

electron optic axis prior to STEM-EDS data acquisition. Electron channeling effects were 

ignored from our chemical analysis.  

Besides the Cliff-Lorimer method for quantitative compositional analysis (in atomic%), 

grain boundary segregation is often expressed using grain boundary coverage or chemical 
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excess (in atoms/nm2).  This chemical excess at grain boundaries can be calculated using the 

spatial difference technique, where the segregant’s EDS signal acquired in the grain is 

subtracted from its signal acquired from the grain boundary. This is described in detail by 

Sternlicht et al. 46. Here, the grain and grain boundary EDS signals used in the spatial difference 

technique were acquired using EDS mapping data (thickness effect for different grain 

boundaries characterized  was not considered). The chemical excess was calculated using the 

following equation 46,88–90:  

                                                            Г =
𝑉

𝑆

𝐴𝐵

𝐴𝐴
𝜌𝑘𝐴𝐵

𝐼𝐴

𝐼𝐵
                                                         (1) 

where, V/S is the ratio between interaction volume to area of the grain boundary of interest; 

this ratio can be simplified and equals the width of the scan (nm) perpendicular to the grain 

boundary 46. ρ is the site density (atoms/nm3) of selected element in the grain. AA is the atomic 

weight of excess species and AB is the effective atomic weight of selected element in the grain 

(same element used for density); AB/AA is unitless. IA and IB are the intensities of excess species 

(minus the intensities from adjacent grains) and the matrix element selected. Equation 1 used 

in this work assumes all segregating atoms are lying on a monolayer, which removes the 

variance in grain boundary width and if grain boundaries are not exactly parallel with the 

electron optic axis. The calculated excess amount thus reflects the whole grain boundary 

because we have integrated the segregant concentrations from the whole grain boundary width 

and then substracted the contribution from the bulk using same width.  

Equation 1 was modified for each of the homointerfaces based on the observed segregants 

as well the chemistry of the grains neighboring the interfaces. The product of k-factor and 

intensity ratio from Equation 1 was converted to concentration ratio (based on the Cliff-
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Lorimer equation). Equation 2 is the modified equation for calculating Zr excess at alumina-

alumina grain boundaries: 

                                                      Г =
𝑉

𝑆

2𝐴𝐴𝑙

𝐴𝑍𝑟
𝜌𝐴𝑙

𝐺 𝐶𝑍𝑟
𝐺𝐵−𝐶𝑍𝑟

𝐺

𝐶𝐴𝑙
𝐺                                                (2) 

where, supercripts G and GB stand for grain and grain boundary, respectively. ρ Al
G  is the site 

density of Al in alumina grain, CZr
GB is the concentration of Zr at the grain boundary, CZr

G  is the 

concentration of Zr in the alumina grain and CAl
G  is the concentration of Al in the alumina grain. 

Y/Zr concentration profiles across an alumina-alumina grain boundary in conventional sintered 

sample is given in Fig. 2.2. ‘Grain boundary region,’ marked in Fig. 2.2, is used to obtain 

concentration data of Y and Zr segregated species (CY
GBand CZr

GB respectively) and marked 

‘grain region’ is used to obtain concentration of Al in the grain (CAl
G ) and concentration of Y 

and Zr in the grain (CY
G and CZr

G  respectively). 

For spinel-spinel grain boundaries, Al is selected as the matrix metal ion for chemical 

excess calculations, similar to alumina-alumina grain boundaries. For YSZ-YSZ grain 

boundaries, Zr is selected as the matrix metal ion.  
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Fig. 2.2. Y and Zr concentration profiles across an alumina-alumina grain boundary in conventional 

sintered sample. 

In order to better understand the grain boundary segregation behavior, we also analyzed 

the estimated concentrations of cations within the phases using EDS spot analysis. To analyze 

the concentrations of Mg and Al cations within the YSZ grains, EDS spot analysis was 

performed and averaged for 8 grains. Similarly, for Y and Zr concentrations in alumina and 

spinel phases, spot analysis was averaged for 3 grains since Y/Zr are known to have very 

limited solubility in those phases.  

 

2.3. Results and Discussion 

2.3.1. Qualitative observations of elemental segregation at grain boundaries 

Fig. 2.3(a) shows the schematic of a model 3-phase sintered ceramic composed of alumina, 

spinel and YSZ. Fig. 2.3(b) shows a bright-field (BF) TEM image of SPS anneal sample 

showing all the homointerfaces (grain boundaries between like phases) and heterointerfaces 

(grain boundaries between dissimilar phases) observed in our 3-phase system. Considering the 

four kinds of sintered samples used for this study, a total of 24 types of interfaces are 

investigated for chemical analysis (i.e. six interfaces for each of conventional, flash, SPS and 
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SPS anneal samples). Fig. 2.4 shows STEM high-angle annular dark field (HAADF) images 

of the six types of boundaries observed in each sample. Fig. 2.4a-b,d show high intensity 

contrast at the grain boundaries indicating presence of higher Z elements at spinel-spinel, 

alumina-alumina and spinel-alumina grain boundaries (STEM HAADF image intensity is 

proportional to atomic number Z 91). The YSZ-YSZ interface in Fig. 4c, on the other hand, 

shows darker contrast at the grain boundary; the dark contrast could be due to lower Z elements 

but also common due to structural distortion at grain boundaries caused by charge-

compensating anion vacancies 92,93. On the other hand, YSZ-spinel and YSZ-alumina 

heterointerfaces do not show any segregation. This is an interesting observation because 

segregation is known to occur at other heterointerfaces, such as metal-ceramic systems like Cr-

doped Ni/YSZ 94, MgO/Cu(Ag) 95, Al alloy-B4C 96. In most of such interfacial segregation 

studies based on dissimilar phases, a dopant/alloying element added to the metal segregates to 

lower the total grain boundary energy. In our oxide-oxide interface system, we observe a lack 

of segregation at YSZ-spinel and YSZ-alumina heterointerfaces, interpreted to meaning that 

for these heterointerfaces cations can be accommodated in grains on either side of the interface. 

Grain boundary energies for this system will be studied in future work. 

The STEM HAADF images in Fig. 2.4 are qualitatively representative of all the sintered 

samples. Our results show that the elemental segregation observed at any particular type of 

interface—whether it is alumina-alumina, spinel-spinel, YSZ-YSZ or spinel-alumina—is 

qualitatively similar across the four different sintered samples analyzed. This indicates a key 

result of this study that the elemental segregation at grain boundaries likely does not depend 

on the type of sintering, but mainly on sample composition. 
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Fig. 2.3. (a) Schematic diagram showing six types of grain boundaries in a three-phase sintered 
ceramic containing MgAl2O4, Al2O3, and YSZ. (b) Bright field-TEM image of SPS anneal sample 

with average grain size of ~690 nm. S = Spinel, A = Alumina, Z = YSZ. 

 

 

Fig. 2.4. STEM HAADF images of different types of grain boundaries in the 3-phase sintered 
ceramics.   (a) Al2O3-Al2O3 in SPS anneal, (b) MgAl2O4-MgAl2O4 in conventional sintered, (c) YSZ-

YSZ in flash sintered, (d) MgAl2O4-Al2O3 in SPS anneal, (e) YSZ-MgAl2O4 in conventional sintered 

and (f) YSZ-Al2O3 in SPS. Bright contrast at grain boundaries indicates segregation of higher atomic 

number (Z) elements (a,b,d) while dark contrast at grain boundaries indicates segregation of lighter Z 

elements (c). The arrows mark the grain boundary location. 
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Fig. 2.5. STEM HAADF images and EDS maps for six (representative) interfaces in a flash-sintered 

MgAl2O4-Al2O3-YSZ ceramic. Mg Kα, Al Kα, Y Kα,β, Zr Kα,β and O Kα elemental EDS maps (net counts) 

and their corresponding intensity profiles (net counts normalized by the total counts) are shown. 
Alumina-alumina grain boundary shows depletion of Al and segregation of Y/Zr (a), spinel-spinel grain 

boundary shows depletion of Mg and segregation of Y/Zr (b), YSZ-YSZ grain boundary shows 

depletion of Zr and segregation of Al (c), spinel-alumina grain boundary shows segregation of Y/Zr 

(d), and YSZ-spinel and YSZ-alumina interfaces do not show any segregation (e-f). Scale bar is 2nm. 
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Fig. 2.5 shows STEM HAADF images of the six types of interfaces in a flash-sintered 

sample and corresponding EDS elemental maps and intensity line profiles for Mg, Al, Y, Zr 

and O. The line profiles are shown below each EDS elemental map, with counts normalized 

with respect to the total counts and integrated parallel to grain boundary, as in 3. The y-bounds 

for the line profiles are the same within each column in Fig. 2.5. Alumina-alumina grain 

boundary shows segregation of Y and Zr with depletion of Al counts with respect to the bulk 

(Fig. 2.5a). Spinel-spinel boundary also shows segregation of Y/Zr with a prominent depletion 

of Mg (Fig. 2.5b). YSZ-YSZ grain boundary shows a decrease in Zr counts accompanied by 

segregation of Al (Fig. 2.5c). Like spinel-spinel and alumina-alumina grain boundaries, spinel-

alumina is also shown to have Y/Zr segregation (Fig. 2.5d). On the other hand, YSZ-spinel and 

YSZ-alumina interfaces do not show any elemental segregation indicating there is no driving 

force for cation segregation to occur; thus, these boundaries are thermodynamically stable 

(Figs. 2.5e-f).  

Y and Zr segregation at alumina-alumina, spinel-spinel and spinel-alumina grain 

boundaries: Y and Zr cations segregate at alumina-alumina, spinel-spinel and spinel-alumina 

grain boundaries during grain growth in sintering likely due to negligible to low solubility of 

Zr and Y in spinel and alumina phases for the temperatures used in this study 45,97–103. Gulgun 

et al. 97 studied in detail the effect of doping Y and Zr in a single-phase α-Al2O3 system and 

reported that Y and Zr both segregate to the alumina-alumina grain boundaries and behave 

almost similarly by competing for similar sites. Similarly, Zr enrichment at grain boundaries 

was confirmed by Trunec et al.4 while studying a system of Zr-doped alumina. Mohan et al. 45 

also discussed Zr segregation at spinel grain boundaries (with addition of zirconia) limiting 

grain growth and grain boundary migration. On the other hand, Rufner et al.104 observed 
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enrichment of Al at spinel-spinel grain boundaries (undoped spinel) resulting in reduced Mg/Al 

ratio at the interface. Nuns et al. 43 also reported previously the enrichment of Al and O at 

spinel-spinel boundaries (in undoped sample) while Mg was found to be depleted. In our 3-

phase sample at spinel-spinel boundaries, Mg is confirmed to be depleted and Y/Zr are present 

at the interface, while Al signal is relatively unchanged (Fig. 2.5b). This is one example (more 

discussed below) showing how grain boundary segregation in single phase ceramics can be 

distinct from segregation in multiphase systems. 

 

Fig. 2.6. Experimental HAADF images showing the different types of segregations observed in a three-

phase system at the alumina-alumina (a), spinel-spinel (b), YSZ-YSZ (c), and spinel (top)-alumina 

(bottom) (d) interfaces. The scale bar is 1nm. Yellow markers highlight Y/Zr segregants and green 
markers highlight likely Al segregants, substituting for the matrix cations sites. Red markers highlight 

clustered Y/Zr segregation. 

Alumina is well-known for adsorption layers at its grain boundaries 105–107. Unlike the 

adsorption of two atomic layers of Nd at Nd-doped polycrystalline alumina grain boundaries 

studied by Dillon and Harmer 106, our Fig. 2.6a shows discontinuous, slightly clustered 

segregation over several atomic layers at the alumina-alumina grain boundaries. Based on the 

EDS mapping in Fig. 2.5a, we know that Y3+ and Zr4+ segregate at these grain boundaries. In 

Fig. 2.6a, it shows that some segregant cations are directly substituting the matrix cation (Al3+) 

sites in the bottom alumina grain as can be seen easily due to intense Z-contrast (see yellow 
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markings), while some other regions indicate likely adsorption of clustered Y/Zr segregants 

(see red markings) near the top alumina grain.  

Spinel, similar to YSZ (discussed in the next sub-section), has been studied previously for 

space charge layers at the grain boundaries. Nuns et al. 43 explained the negatively charged 

grain boundary cores in spinel due to excess of Mg vacancies. Our EDS maps in Fig. 2.5b 

confirm depletion of Mg at the spinel-spinel grain boundaries which explains the segregation 

of Y/Zr cations for charge compensation. Since the bottom spinel grain in Fig. 2.6b is oriented 

well to zone axis, unlike the top grain, it is easy to see the segregants substituting the matrix 

cation sites in the bottom grain. 

Similar to the case in Figs. 2.6a and b, only one side of the spinel-alumina grain boundary 

is atomically resolved (Fig. 2.6d) since it is generally difficult to observe a random boundary 

in polycrystalline samples where both the grains are aligned with respect to a zone axis. 

However, it is clear that segregant cations are substituting the matrix sites on to the face of the 

spinel (top) grain (see yellow markings in Fig. 2.6d). It can also be seen due to the high Z-

contrast (red markings) that there are segregants present near the bottom alumina grain; 

however, the exact position of the segregants in this region is hard to determine due to 

misalignment of the bottom grain but the segregants appear more clustered.  

Al segregation at YSZ-YSZ grain boundaries: Y segregation at YSZ-YSZ grain boundaries 

has been previously studied in single-phase YSZ systems 3,48. However, our results indicate 

that in multiphase systems, grain boundary segregation behavior can be quite different than 

single phase systems commonly studied, which would have a direct effect on material 

properties. At YSZ-YSZ grain boundaries in our 3-phase samples, we observe with EDS 

mapping Al segregation instead of Y, accompanied by decrease in Zr (Fig. 2.5c). In a study 
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conducted by Matsui et al. 39 on Al2O3-doped tetragonal polycrystalline YSZ prepared using 

conventional sintering, the authors found both Y and Al segregated at YSZ-YSZ boundaries.  

Thus, our study signifies important distinctions between the cation segregation in multi-phase 

system (only Al segregates) and that of un-doped YSZ 3,48 (wherein Y segregates) and Al-

doped YSZ 39,108 (both Y and Al segregate). This is an important observation suggesting that 

the presence of other phases in the system can have a strong effect in determining the grain 

boundary chemistry.  

According to the classical space charge theory 50, YSZ grain boundary core is predicted to 

be positive because of intrinsic O vacancies and possibly Zr interstitials, as explained in detail 

by Feng et al. 3. This can explain the common observation of Y segregation at grain boundaries 

in single phase YSZ, where Y3+ substitutes Z4+ creating a net negatively charged substitutional 

point defect. Interestingly for our 3-phase system, the differences in ionic size between Zr4+ 

and Y3+ or Zr4+ and Al3+ are very similar (assuming the same coordination) 109, even though 

Y3+  is larger and Al3+ is smaller than Zr4+. It is possible that the intensity reduction at YSZ-

YSZ interface (Fig. 2.6c) is due to structural disorder caused by O vacancies near cation 

columns; however, similar contrast can be caused by cation vacancies or light element 

substitution in HAADF imaging 92. 

Based on EDS mapping results (Fig. 2.5c), we know that Al is segregating while Zr is 

depleting at YSZ-YSZ grain boundaries. Thus, in our case we suspect that the Al3+ cations are 

substituting the Zr4+ sites (see green markings in Fig. 2.6c) to maintain charge balance (with 

oxygen vacancies), while Y3+ stays in the YSZ grain. This interpretation is based on lower 

atomic number of Al compared to Zr, thus Al3+ substitution at YSZ-YSZ grain boundary will 

result in lower Z-contrast as seen in Fig. 2.6c. This is consistent with the very low solubility 
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of Al3+ in YSZ 100,110,111, which would preclude Al3+ solution in YSZ. This phenomenon of Al3+ 

grain boundary defect chemistry in our 3-phase ceramic is another significant distinction 

between segregation behavior compared to single-phase YSZ. 

Here, it is important to state that a decrease or increase in counts at the grain boundary does 

not necessarily mean decrease or increase in elemental concentration. The change in counts at 

the grain boundary core could be due to several reasons, such as thickness or density variations 

at the grain boundary as well as possibility of preferential ion milling at grain boundaries by 

FIB sample preparation. However, results by Feng et al. 3 on single-phase 8YSZ shows direct 

correlation between increase/decrease of counts to increase/decrease of concentrations for 

cations (Y, Zr). Thus, in order to better understand the segregation behavior at spinel-spinel, 

alumina-alumina, YSZ-YSZ and spinel-alumina boundaries for the differently sintered 

samples, quantitative analysis was performed, and results are discussed in next section. 

 

2.3.2. Quantitative correlations of elemental segregation at grain boundaries 

In order to better correlate the sintering technique to grain boundary segregation, 

concentrations of segregated cations were calculated using the Cliff-Lorimer method 34,85,86. The 

peak segregation concentrations at the different grain boundaries were calculated using the EDS 

peak intensities and averaged for 2-5 boundaries of spinel-spinel, alumina-alumina, YSZ-YSZ, 

and spinel-alumina for each sintered sample.  

Fig. 2.7 shows averaged peak concentrations of Y and Zr at alumina-alumina, spinel-spinel 

and spinel-alumina boundaries, and Al concentration at YSZ-YSZ boundaries for all the sintered 

samples. The error bars represent the standard deviation of the mean segregation concentration 

measured for the different grain boundaries (Figs. 2.7 and 2.8). The quantitative results of Fig. 2.7 

indicate two main points: 
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a. The peak Al segregation concentration (at%) at YSZ-YSZ boundaries is on average higher in 

the SPS sample compared to all other samples (Fig. 2.7c). Al is known to have very limited 

solubility in YSZ 100,110–113. Since solubility generally increases with increasing temperature, 

it is not surprising that SPS (950 °C) would have relatively higher Al segregation concentration 

compared to conventional (1550 °C) and flash (~1700 °C, in-situ) samples. For our 

conventionally sintered sample (1550 oC), we measured 5.0 ± 0.9 at% Al peak concentration 

at the YSZ-YSZ grain boundaries (Fig. 7c). In a study conducted by Matsui et al. 39 on alumina-

doped tetragonal YSZ, they measured ~5.4 at% Al (reported ~2.7 mol% Al2O3) segregated at 

the YSZ-YSZ grain boundaries in their conventionally sintered sample (1500 oC); see red 

marker in Fig. 2.7c. Their measured Al peak content at the YSZ-YSZ grain boundaries is in 

very good agreement with our results, despite slight differences in the processing temperature 

and time. However, as discussed earlier, a critical difference in the two studies is that we only 

observe Al segregation in our three-phase system, while both Y and Al segregation was 

observed by Matsui et al. 39 in the alumina-doped YSZ system. 

b. Y and Zr concentrations in the SPS sample are found to be higher on average compared to 

conventional sample (Fig. 2.7 a,b,d). This is likely because the SPS sample was processed at 

the lowest temperature compared to other samples and it is also a rapid sintering technique, 

thus resulting in higher-energy non-equilibrium grain boundaries with higher segregation. On 

the other hand, the segregation concentrations in flash and SPS anneal samples are consistently 

similar to each other which is an interesting observation considering the difference in 

processing parameters (time, temperature etc.) of these samples. This suggests that very high 

temperatures reached during flash sintering results in similar segregation concentrations 

compared to a sample annealed for several hours at lower temperature. For the alumina-
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alumina boundary (Fig. 2.7a), the average peak concentrations of Y and Zr segregants in flash 

and SPS anneal samples are similar to the conventional sample. However, in the spinel-spinel 

case, the flash and SPS anneal samples are similar to the SPS sample; the conventional sample 

shows relatively lower peak concentrations of segregants. This suggests that the segregation 

trends can vary for different boundaries likely depending on the type of segregation occuring. 

 
Fig. 2.7. Peak concentrations (at%) of segregated cations at different grain boundaries of conventional 
sintered, flash sintered, SPS and SPS anneal samples. (a,b,d) Peak concentrations of segregated Y and Zr 

at alumina-alumina, spinel-spinel and spinel-alumina grain boundaries respectively. (c) Peak concentrations 

of segregated Al at YSZ-YSZ grain boundaries for all the samples.  

 

To compare our results with similar material systems studied by other researchers 46,88, the 

excess of segregated species (atoms/nm2) is also calculated for the homointerfaces YSZ-YSZ, 

spinel-spinel and alumina-alumina (Fig. 2.8). While we do expect grain boundary anisotropy to 
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produce a distribution in segregation from boundary to boundary, some important correlations can 

still be drawn from the mean excess of segregated cations. Similar to the atomic% peak 

concentrations at alumina-alumina boundaries (Fig. 2.7a), mean excess concentrations of Y/Zr for 

SPS sample are higher than the other samples (Fig. 2.8a). Similarly, for spinel-spinel case, the 

conventional sample has the lowest mean excess of Y and Zr (Fig. 2.8b), just like we observed in 

Fig. 2.7b. Lastly, for YSZ-YSZ boundaries, mean Al excess is the lowest for conventional sample 

(Fig. 2.8c), similar to the observation in Fig. 2.7c. In short, we conclude from our quantitative 

analysis that the conventional sample shows relatively lower excess of segregated cations 

compared to SPS sample, while the flash and SPS anneal samples vary in trends from boundary to 

boundary.   

Sternlicht et al. 46 reported the amount of Y excess (atoms/nm2 ) at the grain boundaries of 

a Y-doped alumina system with bi-modal structure; their sample was processed by SPS in two 

steps and then annealed (1500 °C for 4 h). Considering the type of sintering, temperatures and 

times of processing described in their work 46, our conventional and SPS anneal samples of this 

study were chosen for comparison. They reported a mean Y excess of 1.3 atoms/nm2 at the 

alumina-alumina grain boundaries between smaller grains (red markings on Fig. 2.8a), which is 

suitable for comparison to our study. In the conventional sintered sample, we determined mean Y 

excess of 0.7 atoms/nm2 and mean Zr excess of 1.5 atoms/nm2 at the alumina-alumina grain 

boundaries (Fig. 2.8a). For the SPS anneal sample, we determined mean Y excess of 0.5 atoms/nm2 

and mean Zr excess of 1.9 atoms/nm2 (Fig. 2.8a). Since both Y and Zr segregated at alumina-

alumina boundaries in our 3-phase system, our results for conventional and SPS anneal samples 

are in good agreement with the previous report of Y segregation at Y-doped alumina grain 

boundaries by Sternlicht et al.46, considering differences in starting materials and overall 
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processing. Overall, our quantitative results correlate different sintering processes with resulting 

elemental segregation and compositional inhomogeneity at grain boundaries, which can have a 

strong impact on many material properties 17,18,20,33,80,83.  

 

 

Fig. 2.8. Excess of segregated cations (atoms/nm2) at grain boundaries between similar phases. (a) Y/Zr 

excess at alumina-alumina grain boundaries, (b) Y/Zr excess at spinel-spinel grain boundaries, and (c) Al 

excess at YSZ-YSZ grain boundaries.  

 

2.3.3. Measured concentrations of segregated cations within the grains 

Al (from Al2O3) is known to have very limited solubility in cubic YSZ, reported as <1 

mol% (or <0.9 at% considering cations only) at 1600 oC 100,110–113. While Mg did not segregate 

to YSZ-YSZ grain boundaries, we analyzed its concentration in YSZ grains, along with Al. 

Solubility of Mg in cubic YSZ (in experiments reacting MgO and YSZ) has been reported to 

be much more considerable up to 10 mol% (~9.3 at% considering cations only) 114,115. 
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Considering cations only, Mg from MgO starts with 100 at% as it goes into YSZ; however, the 

phase in our material system is MgAl2O4 which makes the initial Mg content to be only 33 

at%. Considering this, we calculated average concentrations of Mg and Al in estimated center 

of eight YSZ grains in all four sintered samples using EDS spot analysis (Fig. 2.9). The error 

bars represent the standard deviation of the mean concentration measured for the different 

grains. 

                      

                          Fig. 2.9. Average concentration (at%) of Mg and Al in YSZ grains. 

The average concentrations of both Mg and Al in YSZ grains for all sintered samples, 

measured using EDS spot analysis, were calculated to be approximately <1.5 at%. The average 

concentrations of Mg in YSZ grains for all four sintered samples are lower than Al 

concentrations, which is the opposite trend to what we initially expected based on previous 

literature 100,110,114. The measured concentration of Al in YSZ is statistically the same for all 

four differently processed samples. The solubility of Al is commonly known to be negligible 

below 1200 oC 41,116. While the SPS sample was sintered at 950 °C and annealed at 1000 °C 

for 1 hour, the actual sample temperature is expected to have reached higher than the furnace 
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temperature because SPS is a current-assisted sintering technique (applied current + pressure) 

117,118. Our results suggest that Al is hindering the solubility of Mg in YSZ grains, while the 

presence of Mg is assisting to increase the solubility of Al. This phenomenon is similar to what 

was reported recently for Ca and Mg co-doped alumina system. Moshe and Kaplan 119 reported 

an increase in solubility limit of Mg in alumina in the presence of Ca compared to just Mg-

doped alumina. Similarly, they reported a decrease in solubility limit of Ca in the presence of 

Mg compared to just Ca-doped alumina 119. We suspect that the presence of Al in the YSZ 

grain lowers the Mg solubility, which lowers the thermodynamic driving force for Mg 

diffusion into the YSZ grains.  

Solubility of Y and Zr in spinel and alumina phases have been reported to be quite limited 

for the temperature range studied here. Solubility of Y in alumina has been reported under a 

wide range, from <10 ppm up to 200 ppm (0.001-0.02%) 101,102. Solubility of Y and Zr in spinel 

has been reported to be very limited 45,120. The solubility of Zr in alumina has also been reported 

to be quite low ~ 500-1000 ppm (0.05-0.1%) 103. In order to confirm that the concentrations of 

Y and Zr in spinel and alumina grains of our 3-phase samples are in good agreement with 

previous literature, we performed spot EDS analysis at the centers of three spinel and alumina 

grains for conventional, flash and SPS samples. The averaged concentrations of Y in spinel 

and alumina grains were calculated to be ≤ 0.08 at%, which is negligible based on limitations 

of EDS detection around 0.1%. Similarly, the average concentrations of Zr in spinel and 

alumina grains were calculated to be very low ≤0.15 at%. 

Besides measuring concentrations of segregated cations at grain boundaries and in bulk, 

we also analyzed variation of Al/Mg ratio in the spinel phase of our 3-phase systems. Spinel is 

known to exhibit significant deviations from stoichiometry (MgAl2O4), especially with 
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increasing sintering and annealing temperatures. Kok et al. 84 previously showed (in same 3-

phase composition used in this study) that Al/Mg ratio in spinel varies considerably due to very 

high temperatures reached during flash sintering. They showed that it is possible to form a 

single-phase high-alumina spinel, and reported that different compositions of non-

stoichiometric spinel can form during the heat treatment. Using EDS mapping, we calculated 

average Al:Mg ratios (unitless) in spinel grains of all four samples: 3.0±0.04 (flash), 2.8±0.07 

(conventional), 2.5±0.11 (SPS anneal) and 2.3±0.11 (SPS). Compared to the standard 2:1 

Al:Mg ratio in stoichiometric spinel, the Al:Mg ratio in spinel grains of the SPS sample 

(sintered at lowest T~950 oC) show the smallest deviation, whereas spinel grains in the flash 

sample (in-situ T~1700 oC) show the greatest deviation. These observations that deviations 

from stoichiometry correlate with increasing processing temperature is in agreement with the 

phase diagram 121. 

 

2.3.4. Role of grain size variation on grain boundary segregation 

It is known that grain size can play a critical role in grain boundary segregation phenomena, 

both in metals and ceramic systems. Similar to the limitations in grain boundary segregation 

studies, most studies focusing on grain size effects are based on doped systems 122–125. Gruffel 

and Carry 122 studied the Y-segregation content with respect to grain size in Y-doped alumina 

and observed that the trend depends on the initial dopant concentration. When doping with 

lower concentrations of Y2O3 (500 ppm wt.), they observed the segregation content increased 

linearly with grain size. On the other hand, when doping with 1500 ppm wt. Y2O3, the grain 

boundaries were saturated with yttrium and grain boundary composition was independent of 

grain size (studied for 800 nm to ~3.5 µm grain sizes) 122. Aoki et al. also concluded that grain 

boundary coverage (atoms/area) increases with increasing grain size in CaO-stabilized ZrO2 
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(containing different impurity solutes like Si) until the saturation of total solute is reached ~ 1 

monolayer. On the other hand, Stemmer et al. 126 found strong Y segregation in tetragonal YSZ 

grain boundaries, regardless of varying grain sizes and impurity levels.  

The above discussion shows that grain size can have a huge impact on grain boundary 

segregation behavior in single-phase ceramics. In our sintered three-phase samples, the 

situation is more complex because they are made with equal volume percent (33%) of YSZ, 

alumina and spinel. Thus, there are, effectively, infinite sources of ions in each sample which 

can segregate to, or cover via diffusion from another phase, the grain boundaries. It may, 

therefore, be appropriate to imagine our materials as being heavily-doped, i.e., as having a very 

large number of available segregants. In this case, we would compare our results with those of 

Gruffel and Carry 122, who found that grain boundary composition was independent of grain 

size when doping with 1500 ppm wt. Y2O3.  

 

2.4. Conclusions 

Grain boundary segregation behavior in multiphase systems was shown to have important 

distinction compared to single-phase systems (doped and undoped) commonly studied. It was 

determined that the presence of other phases in the system can have a strong effect on final 

grain boundary chemistry.   For all sintering processes, Y and Zr was found to segregate at 

spinel-spinel, alumina-alumina, and spinel-alumina grain boundaries, while Al was found to 

segregate at YSZ-YSZ grain boundaries. On the other hand, YSZ-spinel and YSZ-alumina 

heterointerfaces did not show any cation segregation. This suggests that the cations (Y, Zr, Al, 

Mg) prefer to exist in the grains on either side of the interface, and indicates that segregation 

would most likely increase the interfacial energy.  The segregants at alumina-alumina 

boundaries were shown to both substitute the matrix sites as well as adsorb as clusters, while 
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the spinel-spinel and YSZ-YSZ boundaries appeared to have segregants substituting the matrix 

cation sites. For all the interfaces showing segregation, our SPS sample showed relatively 

higher average grain boundary segregation compared to the conventional sintered sample, 

suggesting rapid sintering at low temperatures results in higher grain boundary segregation. 

The grain boundary segregation concentrations for the flash sintered sample were consistently 

found to be similar to the SPS anneal sample which was an interesting observation in this study. 

This suggests that very high temperatures reached during flash sintering results in similar grain 

boundary concentrations compared to a sample annealed for several hours at lower 

temperature. 

Our results also highlight the concentrations of segregated cations within the three phases 

and indicate that Al and Mg are possibly acting as competing cations to diffuse in the YSZ 

grains. The qualitative and quantitative results correlate grain boundary segregation behavior 

to the different sintering techniques, which may be a beneficial guide to understand grain 

boundary segregation for other technical systems and how this segregation relates to material 

properties, such as thermal and electrical conductivity, and fracture.  
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CHAPTER 3:  Role of Interfacial Energies on Microstructural Evolution   

3.1.     Introduction 

 

Grain boundaries and heterointerfaces are defects that have excess free energy per unit 

area. This excess energy of grain boundaries is the driving force for grain growth and thus 

plays an important role in microstructural development21,23–25. Several factors can affect grain 

boundary energy such as changes in temperature, grain boundary chemistry etc. The effect of 

temperature on grain boundary energy has been studied in both pure and doped materials24–28. 

Typically, grain boundary energy decreases with increasing temperature in pure materials due 

to entropy5,24,26. However, grain boundary energy variation will also depend on changes in 

grain boundary chemistry for systems with solute/dopant segregation. For instance, Kelly et 

al.26 showed that grain boundary energy increases with increase in temperature in Y-doped 

alumina samples. This is because bulk solubility generally increases with increase in 

temperature so interfacial segregants can dissolve back in the bulk, resulting in the reduction 

of grain boundary excess.  

While there is a substantial number of studies on segregation to grain boundaries in single-

phase ceramics with or without dopants26,31,33,34,42,72,127–132, our recent literature review8 found 

a clear lack of work on ceramic heterointerfaces. Single-phase studies are useful to understand 

grain boundary properties in simpler systems. However, engineering ceramics are often multi-

phase with more interface diversity. Our recent study133 on a three-phase ceramic system has 

shown that elemental segregation behavior can differ depending on sample composition. 

Furthermore, this previous work also highlighted that while some interfaces showed 

segregation, others did not. Since grain boundary segregation is expected to affect grain 

boundary energy, it is thus important to extend grain boundary energy analysis to 

heterointerfaces in multi-phase systems. There is, however, lack of literature on energy 
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measurements for heterointerfaces due to complexity of multi-phase systems and several 

assumptions involved for such calculations. There have only been a handful of studies (~<10 

per our knowledge) conducted previously in which multiphase samples were analyzed for grain 

boundary and interfacial energy measurements 5,7,21,134. 

The most common way to measure grain boundary energy experimentally is by observing 

the groove geometry of interfaces, which are assumed to be in thermodynamic 

equilibrium5,21,29. When a polished surface is thermally or chemically etched, atoms/ions near 

the interface are preferentially removed or relocated, forming grooves at interface junctions, 

Fig. 1. The geometry of a groove can be used to measure ratio of grain boundary energy to 

surface energy: 

                                       
ϒ𝐺𝐵

ϒ𝑆
= 2 sin 𝛽 = 2 cos

𝜓

2
                                                        Eq. 1 

where, ϒ𝐺𝐵 is grain boundary energy, ϒ𝑆 is surface energy, 𝛽 is groove angle and 𝜓 is dihedral 

angle as shown in Fig. 1. The relative grain boundary energy (ϒ𝐺𝐵 /ϒ𝑆 ) can be calculated using 

the relationship between β and groove depth and width as given by Mullins135: 

                                          tan 𝛽 = 4.73 
𝑑

𝑊
                                                               Eq. 2 

The purpose of this paper is to test the following hypotheses: (1) grain boundaries and 

interfaces and interfacial energies control the microstructure in multiphase ceramics, (2) grain 

boundary energies change with variations in grain boundary segregation, and (3) 

heterointerfaces have distinctly different energies, on average, than homointerfaces. Since vast 

majority of previous work on grain boundary energies in ceramics has been performed on 

undoped/doped single phase ceramics, our study will focus on multiphase ceramics while also 

using single phase materials for proof of concept and comparison to previous literature. The 
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hypotheses will be tested by analyzing thermal grooves using atomic force microscopy (AFM) 

to measure the relative and absolute energies of grain boundaries and interfaces in single phase 

(YSZ, Al2O3, and MgAl2O4), 2-phase (YSZ/Al2O3, YSZ/MgAl2O4, and Al2O3/MgAl2O4) and 

3-phase (YSZ/Al2O3/MgAl2O4) ceramic systems. The overall goal of this study is thus to 

analyze how grain boundary and interfacial energies affect microstructural evolution in 

multiphase ceramics.   

4.  
 

Fig. 3.1: Schematic of a thermal groove defining depth (d), total groove width (W), and angles β and ψ. 

 

3.2.      Materials and Methods 

Starting powders of 8 mol% yttria stabilized zirconia or YSZ (Y0.08Zr0.92O2, TZ-8YS 

Tosoh), Al2O3 (TM-DAR Taimei) and MgAl2O4 (S30CR Baikowski) were used to make single 

phase, 2-phase (equal volume 50%) and 3-phase (equal volume 33%) ceramics. The single-phase 

systems are YSZ, MgAl2O4 (spinel) and Al2O3 (alumina). The two-phase systems include 

YSZ/MgAl2O4, YSZ/Al2O3 and MgAl2O4/Al2O3, while the three-phase system is 

YSZ/MgAl2O4/Al2O3. The powders were attrition milled for ~8 hours at 600 rpm with isopropyl 

alcohol in a Teflon-coated tank. The resulting slurry was dried overnight at 100 °C. Mortar and 

pestle were used to break any agglomerates before sieving the dried slurry to 106 μm. The mixed 

powder was uniaxially pressed, via a carver press, at 22 kpsi for 5 minutes into cylindrical shaped 

samples with a green body density of 54 ± 2%. Single phase and 2-phase green body samples were 

sintered at 1550 °C for 10 h in air with heating rate of 10 °C/min, while 3-phase sample was 
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sintered at 1550 °C for 20 h. Sintered samples were polished to 0.05μm finish and the grain sizes 

for all compositions are provided in Table 3.1.  

After sintering, the pellets were subjected to thermal etching in a tube furnace. Initial thermal 

etching was conducted at 1500 oC for 3 h using heating rate of 10 oC/min and cooling rate of 20 

C/min. This high temperature and relatively long time was selected to achieve wide grooves to 

minimize error associated with AFM tip geometry. However, due to severe faceting behavior in 

some spinel-based compositions, the etching temperature and time had to be adjusted to minimize 

faceting. However, low temperatures result in shallow grooves and can also make it difficult to 

characterize heterointerfaces due to preferential etching behavior of different phases. The etching 

treatments for the following samples had to be adjusted below 1500 oC:  single-phase spinel was 

(1300 oC for 15 min) and 3-phase sample (1450 oC for 1 h).  Spinel/alumina sample showed the 

most severe faceting behavior, and several thermal treatments were attempted, discussed in next 

section. Due to continued experimental challenges in characterizing spinel/alumina 

heterointerface, this sample was removed from the grain boundary energy analysis but will be 

discussed briefly in the results/discussion section. 

The geometry of thermal grooves was characterized using AFM in tapping mode. Topographic 

maps were collected using Anton-Paar Tosca AFM. Silicon tips used for AFM measurements had 

30 nm thick aluminum reflex coating on the detector side of cantilever (Arrow-NCR, Nanoworld, 

Neuchatel, Switzerland). The tips had a radius <10 nm, force constant of 42 N/m and resonance 

frequency of 285 kHz. 

Grain boundaries and heterointerfaces were selected from random locations on sample surface. 

In order to differentiate between the different phases of multiphase samples in AFM, SEM images 

were taken first from random areas on sample and the same areas were then mapped in AFM to 
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measure the interfacial energies. Line profiles were drawn perpendicular across each boundary, 

and width (w) and depth (d) values were extracted from each side of the groove to measure relative 

grain boundary energy using similar procedure as described in previous studies26,127 (see Fig. 3.2). 

The depth and width values were measured using Gwyddion software and ratio of grain boundary 

to surface energy was calculated using Equation 3: 

 

                                       
ϒ𝐺𝐵

ϒ𝑆
= 2 sin(tan−1( 𝑚 (

𝑑

2𝑤
)))                                                    Eq. 3 

 

This relation is based on the Mullins analysis135. ‘m’ is typically considered a  constant equal to 

4.73 (as shown in Eq. 2) but this value can deviate when w/d ratio becomes smaller, so a correction 

was applied to m using the known relationship between m and w/d 26,136.   

While Eq. 3 is a common method to measure relative grain boundary energies, it is based 

on several assumptions. For instance, (1) it is generally assumed that grain boundary is normal to 

the surface, (2) the two surface energies (on either side of groove) are the same and (3) that surface 

energy anisotropy is small enough to be ignored132. While relative interfacial energy from one 

grain boundary is not useful itself, it has been reported extensively that analysis of many grain 

boundaries using this method can result in meaningful average values and provide grain boundary 

energy distributions 21,26,127,128,132,137. 

It is common to consider error introduced due to limited radius of curvature of the AFM 

tip which can introduce artifacts in groove geometry measurements. A groove width many times 

larger than the radius of curvature of AFM tip would decrease such error in groove measurements. 

Saylor et al.128 have previously detailed a method to estimate this error depending on the groove 

width and groove angle β. This method has been used by many other studies and typically for 

groove widths >1 µm, the probe size has minimal to no effect on measurements26. However, this 
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correction method was originally detailed for an AFM tip of 60 nm radius of curvature, but the 

AFM tip used in this study has <10 nm radius of curvature so likely groove widths <1 µm could 

also have minimal effect on measurements. It has also been discussed in previous studies that while 

tip correction can be important, this error due to finite probe size is systematic and does not 

generate new trends in data7,127. Considering this, AFM tip correction has been ignored in our 

study.   

Table 3.1: Average grain sizes for single and multi-phase samples sintered at 1550 oC. 

Material System Average grain size (µm) 

Single-phase 

YSZ 6.0 ± 2.2 

Spinel 2.3 ± 1.1 

Alumina 5.1 ± 2.4 

2-phase 

YSZ/Alumina 0.8 ± 0.3 (YSZ) 

0.7 ± 0.2 (Alumina) 

YSZ/Spinel 1.2 ± 0.3 (YSZ) 

1.3 ± 0.4 (Spinel) 

Spinel/Alumina 3.6 ± 1.1 (Alumina) 

2.9 ± 1.0 (Spinel) 

3-phase 

YSZ/Spinel/Alumina 1.1 ± 0.3 (YSZ) 

1.5 ± 0.7 (Alumina) 

1.4 ± 0.4 (Spinel) 

 

3.2.1. Grain boundary energy analysis for homointerfaces 

 Since the groove profiles are usually asymmetric (Fig. 3.2), even between two same phase 

grains, each side of the groove was considered separately to measure relative grain boundary 

energy. This implies that two grain boundary energy values were calculated for each side as if they 

were two symmetric grooves. 45-72 homointerfaces of each kind (YSZ-YSZ, alumina-alumina, 

spinel-spinel) were characterized for the different samples in this study. The relative grain 
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boundary energies of YSZ-YSZ, alumina-alumina, spinel-spinel grain boundaries were multiplied 

by reported average ϒs values for YSZ, alumina and spinel respectively (see Table 3.2) to obtain 

average ϒGB values for this study.  

 
 
Fig. 3.2. (A) Representative AFM image of YSZ surface after thermal etching at 1500 oC. (B) Line profile 

across YSZ-YSZ grain boundary showing ‘d’ and ‘w’ used to measure relative grain boundary energy.  

 

3.2.2. Interfacial energy analysis for heterointerfaces 

Eq. 3 has been mainly used in literature for analysis of homointerfaces. However, the 

simplified approach of considering each side of the groove separately can be used to estimate 

average interfacial energies for heterointerfaces also. First, we measured the relative grain 

boundary energy for each side of the groove (each side corresponds to a different phase) using 

respective depth and width values (Fig. 3.3). Then the calculated relative energy value for each 

side is multiplied by the respective average surface energy of that phase (Table 3.2). For example, 

the calculated relative energy for YSZ side of the groove in YSZ/Alumina heterointerface (Fig. 
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3.3B) is multiplied by 1.16 J/m2 (ϒS1) and the calculated relative energy for Alumina side of the 

groove is multiplied by 2.64 (ϒS2). The resulting values are estimated absolute energies which are 

then averaged to obtain the interfacial energy for the heterointerface, YSZ/Alumina in this 

example. We understand that this is an over-simplified way to estimate average interfacial 

energies; however, this allows for a way to compare the interfacial energies of homo-and-

heterointerfaces. In the past studies, typically only the relative energies of each side of a grain 

boundary or heterointerface groove have been reported7.   

Table 3.2: Reported surface energies at room temperature for YSZ, Al2O3 and MgAl2O4 

 

Sample Average Surface Energy (J/m2) 

YSZ 1.16±0.08138 

α-Al2O3 2.64 ±0.2139 

MgAl2O4 1.65±0.04140 
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Fig. 3.3. (A) Representative AFM 2D topographical map of thermally etched 3-phase sample composed of 
YSZ/Spinel/Alumina. (B-D) Line profiles showing the groove profiles of the three types of heterointerfaces 

corresponding to similar colored lines drawn in (A): Alumina/YSZ, Spinel/YSZ and Spinel/Alumina 

respectively.  

 

3.3.   Results and Discussion 

 

3.3.1 Effects of similar thermal etching treatment on different compositions 

 

   SEM images of single phase, two-phase and three-phase samples all thermally etched at 1500 

oC are shown in Fig. 3.4.  While some of the alumina grains show faceting (Fig. 3.4B), spinel was 

found to be severely faceted under 1500 oC thermal etching treatment (Fig. 3.4C). Thus, both the 

temperature and time had to be reduced for spinel to 1300 oC for 15 min to minimize surface 

reconstruction for accurate measurements. Faceting behavior in ceramics is not a novel concept 

and has been reported previously for different ceramic materials, including spinel 7,141–144. The 

YSZ/Spinel sample (Fig. 3.4D), however, did not show strong faceting in spinel grains unlike the 

single-phase spinel. While Y and Zr have very low reported solubility in spinel 45,120, our results 

suggest that even limited Y/Zr solubility in spinel can stabilize the surfaces against the strong 

surface reconstruction phenomenon observed in single-phase spinel. As for the 3-phase system, 

there was also faceting observed for many of the spinel grains (as shown by red arrows in Fig. 

3.3F) and temperature and time had to be adjusted to minimize faceting while also optimizing 

groove dimensions. Since the solubility of alumina in spinel increases with temperature 121, it is 

likely that the spinel grains are no-longer stoichiometric spinel in 3-phase sample and have high 

concentration of Al. However, the sample compositions after sintering were not determined for 

this study. We believe Al-solubility in spinel causes increase in surface reconstruction during the 

heating treatment and results in pronounced faceting behavior. This is most evident in the case of 

two-phase spinel/alumina (with no Y and Zr present) and also in 3-phase sample to a lesser extent 

due to likely Y/Zr presence as discussed earlier.  
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Fig. 3.4. SEM images of (A) YSZ, (B) Alumina, (C) Spinel, (D) YSZ/Spinel, (E) YSZ/Alumina, and (F) 
YSZ/Spinel/Alumina after thermal etching at 1500 oC. Scale bar is 2 µm. Red arrows in (f) indicate faceting  

in some spinel grains of 3-phase sample.   

 

Spinel-alumina sample had the most pronounced faceting observations which made it 

difficult to characterize for grain boundary energy analysis. Different etching temperatures and 

times were attempted to observe changes in the faceting phenomena. As can be seen from Fig. 

3.5A-C, spinel and alumina grains can be clearly differentiated due to the severe surface 

reconstruction in spinel after etching treatments. Lowering the temperature improves the faceting 

to some degree as can be observed from Fig. 3.5; however, the surface reconstruction is still quite 

significant for such samples to be considered for grain boundary energy analysis. While the 

temperature can be lowered further to 1300 oC or below, there are two major challenges. Firstly, 

low temperatures generally result in narrow/shallow grooves with high error in measurements due 

to finite probe size as discussed earlier. Secondly, for multi-phase samples, each phase will have 

differences in height due to differential polishing and later due to differential etching during the 



45 
 

thermal treatment (Fig. 3.6). This can make it difficult to characterize heterointerfaces (major goal 

of this study) either because a groove is not formed at all at low temperatures, or the AFM tip is 

unable to scan over it due to huge height difference on either side of interface as seen in Fig. 3.6. 

Thus, for this study, research efforts were focused on two 2-phase samples YSZ/Spinel, 

YSZ/Alumina and the 3-phase sample.  

 
Fig. 3.5. SEM images of Spinel/Alumina sample thermally etched at (A) 1500 oC for 3 h, (B) 1500 oC for 
15 min, (C) 1350 oC for 10 min. ‘S’ is spinel (MgAl2O4) and ‘A’ is alumina (Al2O3). 

 

 

        
Fig. 3.6. (A) AFM  2D and (B) 3D topographical maps of spinel/alumina sample etched at 1300 oC for 15 

min. (C) Line profile across a spinel-alumina heterointerface showing no clear groove formation.  
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3.3.2.  Grain boundary energies of homointerfaces in different compositions 

 

Fig. 3.7A shows a cumulative distribution plot for all the characterized thermal grooves in 

single phase alumina sample etched at 1500 oC. The average relative grain boundary energies 

(ϒGB/ϒS) measured for the alumina sample is 1.0 ± 0.3. Our calculated average relative grain 

boundary energy is very similar to the reported values in literature. For alumina, Handwerker et 

al.137 and Saylor et al.128 both measured relative energies to be 1.2 (at 1600 oC), Dillon et al.127 

reported 1.1 (at 1400 oC), and Kelly et al.26 reported ~1.0 (1450 oC, 1550 oC, 1650 oC). Fig. 3.7A 

also shows the cumulative distribution plot for un-doped alumina thermally etched at 1550 oC from 

the published work of Kelly et al.26 Some changes in relative energy distribution plots (Fig. 3.7A) 

are expected between different samples, difference in etching temperatures, and if AFM tip 

correction is applied to the data or not.   

Fig. 3.7B suggests that average grain boundary energy in single phase alumina is slightly 

higher than the multi-phase samples (Table 3.3). Cumulative distribution curves of average grain 

boundary energies of alumina-alumina (A-A) homointerfaces, obtained by multiplying relative 

energies to reported surface energy of alumina (Table 3.2), in single phase, 2-phase and 3-phase 

samples. The shape of the distribution curve is almost the same for A-A grain boundaries in single 

phase, 2-phase and 3-phase samples; however, the energy distribution plots for YSZ/Alumina and 

3-phase are slightly shifted to the left compared to the plot of single phase alumina. The error bar 

associated with each data point in Fig. 3.7B reflects the propagated uncertainty obtained as a result 

of multiplying relative energy with average surface energy and its standard deviation from Table 

3.2. We believe this is because of changes in A-A grain boundary chemistry in multi-phase 

samples. We previously showed133 that Y/Zr segregate to A-A grain boundaries in 3-phase sample 

same as this study. The segregation of Y and Zr to these grain boundaries in multi-phase samples 
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would likely lower the grain boundary energies. While the variations in average energies of A-A 

grain boundaries are small between the three samples, the clear shift of the multi-phase energy 

distribution plots to the left (Fig. 3.7B) suggests segregation is likely responsible for lower grain 

boundary energies in general.  

 

Table 3.3: Average grain boundary energies for all types of interfaces in single and multi-

phase systems. 

 

Material Systems GB Type Etching Temperature (oC) Average GB energy 

(J/m2) 

Single phase 

YSZ YSZ-YSZ 1500 0.8 ± 0.2 

Spinel Spinel-Spinel 1300 1.1 ± 0.3 

Alumina Alumina-Alumina 1500 2.5 ± 0.7 

Two-phase 

YSZ/Alumina YSZ-YSZ 1500 0.9 ± 0.2 

Alumina-Alumina 1500 2.0 ± 0.7 

YSZ-Alumina 1500 1.5 ± 0.4 

YSZ/Spinel YSZ-YSZ 1500 0.9 ± 0.3 

Spinel-Spinel 1500 1.1 ± 0.4 

YSZ-Spinel 1500 1.2 ± 0.3 

Three-phase 

YSZ/Spinel/Alumina YSZ-YSZ 1500 0.9 ± 0.3 

Alumina-Alumina 1500 2.1 ± 0.7 

YSZ-Alumina 1500 1.6 ± 0.5 

Spinel-Spinel 1450 0.9 ± 0.5 

Spinel-Alumina 1450 1.4 ± 0.5 

YSZ-Spinel 1450 0.9 ± 0.4 
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Fig. 3.7. (A) Cumulative distribution of relative grain boundary energies in single phase alumina compared 

to a previous study26, (B) Cumulative distributions of average grain boundary energies for alumina-alumina 

(A-A) homo-interfaces in single phase alumina, two-phase (YSZ/Alumina) and three-phase 

(YSZ/Alumina/Spinel) samples thermally etched at 1500 oC. 
 

 
Fig. 3.8. (A) Cumulative distributions of average grain boundary energies for YSZ-YSZ (Z-Z) homo-
interfaces in single phase YSZ, two-phase YSZ/Alumina and YSZ/Spinel, and three-phase 

YSZ/Alumina/Spinel samples, all thermally etched at 1500 oC. (B) Cumulative distributions of average 

grain boundary energies for Spinel-Spinel (S-S) homo-interfaces in single phase Spinel (1300 oC), two-
phase YSZ/Spinel (1500 oC), and three-phase YSZ/Alumina/Spinel sample (1450 oC) thermally etched at 

different temperatures. 

 

Unlike the shift seen in A-A distribution plots (Fig. 3.7B) between single and multi-phase 

samples, YSZ-YSZ (Z-Z) cumulative distribution plots do not show any significant difference 

between four different samples (Fig. 3.8A). The shape of the Z-Z energy distribution plots is almost 
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the same for all samples shown in Fig. 3.8A: single phase YSZ, 2-phase YSZ/Spinel and 

YSZ/Alumina, and 3-phase sample. The average grain boundary energy for all four samples was 

calculated to be ~0.8-0.9 J/m2 as shown in Table 3.3. This suggests that Z-Z grain boundary 

energies do not change much with varying samples. Tsoga and Nikolopoulos42 measured average 

YSZ grain boundary energy to be ~0.6 J/m2 using metal wetting technique. Costa et al.138 reported 

grain boundary energies for 8, 10 and 12 mol% cubic YSZ to be ~0.9 ± 0.5 using calorimetric 

measurements. Thus, our measured average grain boundary energies for YSZ-YSZ homointerfaces 

match well to previously reported literature.  

In pure/undoped YSZ, it is known that Y segregation occurs at the grain boundaries of 

single-phase YSZ 3,49,130,145. However, this segregation behavior can differ when other phases are 

included in the system. Using energy dispersive spectroscopy, our previous work showed that Al 

segregation occurs instead of Y at YSZ-YSZ grain boundaries in a 3-phase ceramic composed of 

YSZ/Alumina/Spinel133. In both cases, segregation of Y or Al is accompanied by depletion of 

Zr3,133. Interestingly, the difference in ionic size between Al3+ and Zr4+ or Y3+ and Zr4+ is very 

similar (assuming same coordination)109. Based on the results of previous work, it is possible that 

there is no significant difference in grain boundary energies whether Y or Al segregation takes 

place at YSZ-YSZ grain boundaries. This would explain the results of our study showing similar 

average grain boundary energies of YSZ-YSZ homointerfaces in single phase, 2-phase and 3-phase 

systems (Table 3.3).  

Different thermal etching treatments were performed for spinel (1300 oC; 15 min), 

YSZ/spinel (1500 oC; 3 h) and 3-phase (1450 oC; 1 h) samples to control faceting in spinel grains, 

and likely contributed to the different shapes of cumulative distribution plots for spinel-spinel 

boundaries (Fig. 3.8B). Faceting behavior in pure spinel has been reported in previous studies 
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also141. On average, the grain boundary energy of spinel-spinel homointerfaces was calculated to 

be 1.1 ± 0.3 J/m2 in spinel sample, 1.1 ± 0.4 J/m2 in YSZ/spinel sample, and 0.9 ± 0.5 J/m2 in 3-

phase sample. This is very similar to the reported value by Teevan et al.141 for undoped spinel 

(thermal etched at 1200 oC): ~0.9 J/m2 (when their reported relative grain boundary energy of 0.53 

(ϒGB/ϒS) is multiplied by average surface energy for spinel, Table 3.2). While there is no 

considerable difference in average spinel grain boundary energies for the different samples shown 

in Table 3.3 (considering standard deviations), the shape of the distribution plots can provide us 

useful insights.  The shape of the blue and purple cumulative distribution plots in Fig. 3.8B are 

similar since the etching treatments were quite similar compared to the thermal etching for single-

phase spinel (black curve). Spinel-spinel (S-S) thermal grooves were found to be 

narrower/shallower than other interfaces (Z-Z, A-A, Z-A, Z-S, A-S), so we expect the error 

associated with the finite size of AFM probe to be higher for the energy measurements in Fig. 

3.8B. However, the etching temperatures are not very different, so the thermal groove geometry 

will be underestimated by likely the same amount and S-S grain boundaries can still be compared 

within different samples.  
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Fig. 3.9. Calculated grain boundary length fractions in random microstructure of 2-phase composition 

versus. calculated grain boundary length fractions for YSZ/Alumina and YSZ/Spinel samples. Z=YSZ, 

S=Spinel, A=Alumina. 

 

3.3.3. Influence of grain boundary and interfacial energies on microstructural evolution in 

multiphase systems 

 

One major goal of this study is to understand the role of grain boundary energies on 

microstructural evolution. We focused on our 2-phase systems to analyze this correlation between 

interfacial energies and microstructure development. First, a random arrangement of 2-phase 

system (equal grain size) was used to calculate grain boundary length fractions for homo-and 
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hetero-interfaces in an ideally random theoretical case (Fig. 3.9). In a random situation, the fraction 

of each of the homointerfaces is ~25%, while for the heterointerfaces ~50%. Our goal is thus to 

understand how the grain boundary fractions differ in our actual samples due to experimental 

parameters. We calculated the length fraction of each type of interface from random homogeneous 

regions in YSZ/spinel and YSZ/alumina samples. Representative regions of each of these 2-phase 

samples are shown in Fig. 3.9. For YSZ/alumina sample, 18.7% grain boundaries were Z-Z, 12.2% 

were A-A, and 69.1% were Z-A (Fig. 3.9); all measured for the same region ~20 µm x 15 µm. 

These calculations show that there are more alumina-alumina grain boundaries than YSZ-YSZ 

grain boundaries, while A-Z heterointerfaces are in majority. The average grain boundary energies 

for Z-Z is 0.9 ± 0.2 J/m2, A-A is 2.0 ± 0.7 J/m2, and Z-A is 1.5 ± 0.4 J/m2 (Table 3.3). Since the 

calculated average interfacial energy for A-A boundaries is higher than Z-Z boundaries in 

YSZ/Alumina sample, it would suggest that the system reduces the number of A-A boundaries 

during sintering to lower the overall system energy. The elimination of A-A boundaries can occur 

via grain growth. This matches well with our grain boundary fraction calculations (Fig. 3.9), with 

lower grain boundary length fractions of A-A boundaries than Z-Z boundaries. However, it is 

difficult to correlate average Z-A interfacial energy with the fraction of Z-A interfaces in the 

experimental microstructure. Unlike the homointerfaces which can be eliminated by grain growth 

to minimize energy of the system, heterointerfaces are bound to be in higher fractions in the 

experimental microstructure when two different phases of equal amounts are homogenously 

mixed.     
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Fig. 3.10: (A) Cumulative energy distributions (CEDs) in a 3-phase sample. (A) CEDs  of alumina-alumina, 

YSZ-YSZ grain boundaries and YSZ-alumina heterointerfaces. (B) Cumulative energy distributions  of 

spinel-spinel, YSZ-YSZ grain boundaries and YSZ-spinel heterointerfaces in 3-phase sample. (C) 
Cumulative energy distribution of alumina-alumina, spinel-spinel grain boundaries and spinel-alumina 

heterointerfaces in 3-phase sample. 

 

For similar sized region in YSZ/Spinel, the grain boundary length fractions were calculated 

to be 11.4% for Z-Z, 11.3% for S-S, and 77.3% for Z-S interfaces (Fig. 3.9). There is direct 

correlation again seen between very similar average grain boundary energies of Z-Z and S-S 

interfaces in YSZ/Spinel (Table 3.3) and the resulting  grain boundary fractions (Fig. 3.9). Again, 

YSZ/spinel interfaces occur in majority due to both phases mixed homogenously prior to sample 

pressing. Results from both YSZ/spinel and YSZ/alumina thus confirm the critical role grain 

boundary energies play in the microstructural development.  
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3.3.4. Energies of homointerfaces vs. heterointerfaces in three-phase ceramic 

 

One of the major outcomes of this study is that the average energy of heterointerfaces is 

found to be intermediate between the average grain boundary energies of the two phases, and not 

distinctly higher as hypothesized. This result is consistent with a previous report by Dillon et al.7 

in which relatives energies of interphase interfaces were measured between doped aluminas and 

their equilibrium precipitates. Comparison of some of their data to our current study can be seen 

in Appendix C. Fig. 3.10 shows cumulative distribution plots for interfacial energies (J/m2) for the 

three heterointerfaces, and for grain boundary energies (J/m2) for the two phases associated with 

each heterointerface in the 3-phase sample. The AFM data for YSZ-YSZ, alumina-alumina and 

YSZ-alumina interfaces was collected after thermally etching the 3-phase sample at 1500 oC for 3 

h. For the remaining three interfaces, spinel-spinel, spinel-alumina and YSZ-spinel, the etching 

temperature was lowered to 1450 oC for 1 hour (after re-polishing) to reduce faceting in spinel 

grains. It would be ideal to lower the temperature even further to minimize surface reconstruction 

during heat treatment; however, spinel-spinel grooves were found to be very shallow below 1400 

oC as can also be observed in Fig. 3. Fig. 3.10A shows the cumulative distribution plot of YSZ-

alumina interfacial energies to be intermediate between YSZ-YSZ and alumina-alumina grain 

boundary energies in 3-phase sample. Similarly, cumulative distribution plot for spinel-alumina is 

intermediate between alumina-alumina and spinel-spinel grain boundary energies (Fig. 3.10C). 

Since the grain boundary energies for YSZ-YSZ and spinel-spinel interfaces are quite similar, the 

cumulative distribution plot for YSZ-spinel is similar to energies of each of the two phases (Fig. 

3.10B). The energy distributions for all the heterointerfaces in our study thus show that interfacial 

energies of interphase interfaces are not higher or lower than grain boundary energies, but in fact 

intermediate to the boundary energies of the two phases associated with the interface. 
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3.4.      Conclusions 

i. The interfacial energies affect the microstructural evolution in multiphase ceramics. 

Alumina-alumina homointerfaces occur less in YSZ/alumina sample, due to higher grain 

boundary energy, compared to YSZ-YSZ homointerfaces. Spinel-spinel and YSZ-YSZ 

homointerfaces occur in similar fractions in YSZ/spinel sample due to similar grain 

boundary energies.  

ii. Variations in grain boundary chemistry in different sample compositions likely affects the 

grain boundary energies; however, the changes in average energies are subtle and can be 

understood better by looking at energy distribution trends.    

iii. Y/Zr segregation to spinel surfaces can stabilize faceting in spinel, while high solubility of 

Al in spinel increases/worsens the faceting. 

iv. Heterointerfaces (YSZ/Spinel, YSZ/Alumina, Spinel/Alumina) have intermediate 

interfacial energies between the grain boundary energies of the two phases associated with 

them. 
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CHAPTER 4:  Role of Grain Boundaries and Interfaces in Bulk and Surface Exsolution in 

Thin-film Ceramic Oxides 

4.1. Introduction 

Exsolution is an in situ synthesis method for creating highly-tunable catalytic 

nanostructures anchored in the surface of an oxide support 146–150. This flexible nanocatalyst 

synthesis approach can produce active particles which are more durable than impregnated 

nanostructures, and which can be strained as a result of being partially submerged in the oxide – 

offering enhanced activity. Our current understanding of exsolution results from nearly two 

decades of catalysis research dating back to pioneering work on “self-regenerative” perovskite-

supported precious metal (Pd, Rh and Pt) catalysts for automotive emissions control by researchers 

at Diahatsu 146,151–155. Since then, a range of nanostructures have been developed for several 

catalytic applications, such as solid oxide fuel/electrolysis cells 54,149,149,150,156–171, hydrogen and 

syngas production 172–176,  54,177–179, oxygen evolution 180, CO2 reduction 181,182,  photocatalysis 183.  

Exsolution, also called “self-regeneration” or “solid-state crystallization” is a phase 

decomposition reaction that involves metal cation coalescence at/near individual atomic-scale 

point defects of opposite charge, such as oxygen vacancies. This is often observed in the vicinity 

of extended defects like surfaces and grain boundaries due to the relatively lower vacancy 

formation energy. Li, Liu et al. reviewed progress in the field of exsolution-derived 

electrocatalysts through 2017, see Table 3 of 147. Many compositions have been investigated, 

mainly with the goal of efficient use of precious metals and various transition metals (though 

mostly Ni or its alloys) selected for particular reactions. Transition metals (MnO 148,168,184, Fe 

148,156,170,172,184–186, Fe-Co 171, FeNi3 182, Fe-Ni 160,172, Co 166,167,184,187, Co-Ni 167,188, Ni 54,149,150,156–

159,164,166,167,169,173–179,184,189–191, Ni-Cu 174, Cu 148,166,174, Re/Ni/Fe 192, Ce 148, Ag 161, Rare-earth 

vanadates doped with transition metal 166), noble metals (Pd 146,153–155,165, Pt 152,153,155,193, Ir 180, Rh 
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152,153,155,181,193,194, Ru 162–164), and transition metal dichalcogenides (WS2 
183) have been widely 

studied for exsolution.  

In terms of nanostructure morphology, the main focus has been surface-anchored 

nanostructures for catalysis; however, several researchers have also reported bulk (i.e. sub-surface) 

exsolution of embedded nanostructures. Dai, Pan, et al. concluded based on in situ TEM studies 

of Rh exsolution from CaTiO3-δ that initial-stage exsolution created nanostructures embedded in 

the perovskite matrix, making them inaccessible during heterogeneous catalysis 194. Kim, Choi, et 

al. reported STEM dark field images clearly showing bulk exsolution of Ni particles throughout 

the thickness of epitaxially grown La0.2Sr0.7Ti0.9Ni0.1O3−δ thin films, but did not interrogate these 

nanostructures beyond nanometer-scale energy dispersive spectroscopy (EDS) line profiles 

confirming the presence of Ni 191. Han, Irvine, et al. showed as well that Ni exsolves in the bulk 

of epitaxial La0.2Sr0.7Ni0.1Ti0.9O3−δ thin films, and while they did not explore this, there is indication 

that various core-shell nanostructures formed in their films during/after Ni exsolution 179. 

Kousi, Metcalfe, et al. demonstrated that submerged Ni nanoparticles exsolved from 

La0.8Ce0.1Ni0.4Ti0.6O3−δ strain the perovskite lattice upon oxidation to crystallographically-aligned 

NiO, yielding favorable oxygen exchange properties for methane conversion to syngas 176. 

In this study, we report a detailed-study of various Fe-based embedded nanostructures 

possible in La0.6Sr0.4FeO3 (LSF) thin films via so-called bulk exsolution. We focus on Fe 

exsolution from the perovskite La0.6Sr0.4FeO3, which has not been characterized thus far. The aim 

of this work is to illustrate the variation in nanostructures that one can make in this material, which 

should guide the design and synthesis of exsolved nanostructures in and for a broad range of 

chemical compositions, microstructures and applications. We quantify the structural and chemical 

aspects of bulk exsolution using imaging and spectroscopy down to the atomic- and nano-scale 
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using a state-of-the-art aberration-corrected STEM. There has not yet been a detailed study on the 

various types of nanostructures possible via bulk exsolution. 

 

4.2. Materials and Methods 

LSF thin films were synthesized by PLD: LSF powders were prepared by mixing and 

grinding  La2O3 (Sigma Aldrich, 99.999%), SrCO3 (Sigma Aldrich, 99.995%), and Fe2O3 (Alfa 

Aesar, 99.998%) powders in appropriate ratios, and then being calcined at 1000 °C for 5 hours. 

The powders are then pressed into a pellet with a hydrostatic press and sintered at 1350 °C for 20 

hours in stagnant air, thus yielding the target.  

MgO (001) single crystal substrates (MTI Corporation, 1-side polished) were employed in this 

work. During pulsed laser deposition (PLD), the substrate temperature was kept at 850 °C in an 

oxygen pressure of 20 mTorr. By applying 30000 laser pulses to the LSF target, an LSF thin film 

of ~120 nm thickness was grown on the substrate (substrate to target distance is 85 mm). This 

LSF film before exsolution will be referred to as ‘as-prepared LSF’ for rest of the article. After 

deposition, the sample was cooled in the deposition atmosphere at a cooling rate of 5 °C/min. 

Fe exsolution was induced by exposure to H2. LSF sample on MgO substrate is reduced 

in 0.5 Torr flushing H2 at 400 °C for 0.5 hours to trigger exsolution. For the LSF grown on 

Nb:STO, it is reduced at 650 °C in 3% H2/N
2 (ambient atmosphere). 

Atomic-scale imaging and chemical analyses were performed by aberration-corrected 

STEM - energy dispersive spectroscopy (EDS). Exsolution in LSF was characterized using state-

of-the-art aberration corrected JEOL Grand ARM300CF STEM operated at 300 keV. This 

instrument is equipped with dual silicon drift detectors for EDS with total detector area of 200 

mm2. The probe size was ~0.1 nm with a probe current of about 35pA. Low-background, high 

count analytical TEM holder was used to minimize any stray x-rays caused by holder. The film 
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thickness of the exsolved LSF film (on MgO substrate) used in this study was measured to be ~165 

nm. 

Gatan Microscopy Suite (GMS version 3) software was utilized for STEM-EDS mapping 

and analysis using the following EDS peaks: O Kα (0.52 keV), Fe Kα and Kβ (6.40 keV and 7.06 

keV respectively), La Lα and Lβ (4.65 keV and 5.04 keV and respectively), and Sr Kα and Kβ (14.16 

keV and 15.84 keV respectively). Net counts for EDS elemental maps were obtained after doing 

background subtraction using Kramers filter (with scaling option available in Gatan to better align 

the measured background to the original data). Due to sample drift observations during some EDS 

scans, aspect ratio for the EDS maps was accordingly adjusted to match the original STEM image. 

To interpret the chemistry of exsolved nanostructures in LSF, Cliff-Lorimer method  34,85,86 was 

used to calculate concentrations of cations, Fe, La and Sr. Due to the widely known limitations of 

quantification of light elements by EDS, we excluded O from quantitative analysis in this study. 

Experimental k-factors were calculated using the as-prepared LSF film as reference, since the 

stoichiometric composition of homogeneous LSF film is known.  

4.3. Results and Discussion 

4.3.1. STEM-EDS characterization of bulk and surface nanostructures 

The variety of nanostructures formed in LSF via exsolution are comprised of Fe-rich and 

Fe-depleted regions, accompanied by variation in La and Sr content (Fig. 4.1). Using STEM high-

angle annular dark field (HAADF) and bright field (BF) imaging, we characterized LSF film on 

(001) MgO substrate before (Fig. 4.1a-c) and after exsolution (Fig. 4.1 d-f). After the treatment to 

trigger exsolution, LSF film shows distinct variety of nanostructures and oxide phases formed 

throughout the film (Figs. 4.1d-f). We also observe the formation of Ruddlesden-Popper (RP) 

phase after exsolution; RP is a perovskite-like derivative with A-site rich domains and is quantified 

by a local translation of the ABO3-δ structure by sqrt(½) of a unit cell. Using EDS elemental 
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mapping, we show that most Fe-rich exsolved particles correspond to La and Sr depletion (Fig. 

4.1g). There is also variation observed in La and Sr signal, compared to the LSF film matrix, for 

regions which are depleted in Fe.  

 

 
Fig. 4.1. La0.6Sr0.4FeO3 (LSF) thin films were deposited by pulsed laser deposition (PLD) on 001-

oriented MgO single crystals (a) and analyzed using scanning TEM (STEM) high-angle annular dark 

field (HAADF) images (b) and STEM bright-field (BF) images (c). Treatment of the films in 0.5 torr 

H2 at 400oC for 0.5 h induced Fe exsolution, yielding a variety of Fe-rich and Fe-depleted 

nanostructures and oxide phases through the film depth (d-f). EDS elemental maps (net counts) of Fe 

K, La L, Sr Ka and O K showing Fe exsolution throughout the LSF film (g). 
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Fig. 4.2. Different types of Fe-based nanostructures observed in LSF thin film via exsolution shown 

using schematics, STEM HAADF images and STEM BF images. Surface core-shell (a-c) and bulk 

core-shell (d-f) structures have Fe-rich core and Fe-depleted shell. Another observed nanostructure is 

adjacent Fe-rich and Fe-depleted particles (g-i). Independent Fe-rich nanostructures (without adjacent 

Fe-depleted regions) are also observed throughout the LSF film (j-l).   

 

We observe four main categories of nanostructures formed via surface and bulk exsolution: (i) 

surface core-shell, (ii) bulk core-shell, (iii) adjacent particles, and (iv) independent particles (Fig. 

4.2). We demonstrated in our recent paper using FFT analysis that the bulk exsolved particles are 

in fact metallic Fe, while the surface exsolved particles are Fe oxide due to exposure to air after 

exsolution. We observe majority of nanostructures to be exsolved at interfaces in the LSF film 

indicating the activation energy of Fe nucleation is likely lower at the interfaces. The core-shell 

structures of surface and bulk particles, both exsolved at phase boundaries of perovskite matrix 

and RP phase, can be seen in STEM HAADF and BF images (Figs. 4.2a-f). STEM HAADF images 

display Z-contrast, with the image intensity being proportional to the mean atomic number Zn 

(where n ~ 1.7) 195. STEM BF images, on the other hand, show phase and diffraction contrast 196.  
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The core of the surface particle is rich in Fe, while the shell has primarily Fe and La signals 

suggesting presence of La/Fe based oxide, which is confirmed from quantitative analysis in the 

next section (Fig. 4.3b; see supplementary information Figs. B.1-B.3 for individual EDS elemental 

maps). Because the STEM data are two-dimensional projections of a three-dimensional object, it 

is ambiguous at times to distinguish the nanostructure from the surrounding matrix. Similarly, the 

bulk core-shell particle also has an Fe-rich core (Fig. 4.3d). 

‘Adjacent particles’ are defined as nanostructures that are adjacent to each other after 

exsolution, with distinct high and low Z contrast in STEM HAADF imaging as well as 

phase/diffraction contrast in STEM BF imaging (Fig. 2h-i). These adjacent particles correspond to 

Fe-rich particles in the bulk resulting in Fe-depleted regions in the immediate vicinity (Fig. 4.3e-

f). Such adjacent particles are observed throughout the LSF film after exsolution and more 

examples can be seen in Fig. 4.4.  

‘Independent particles’ are Fe-rich particles with no considerable Fe-depleted region nearby 

(Fig. 4.2 j-l). These particles are also formed throughout the film via bulk exsolution (Fig. 4.4). 

These independent particles have a very thin shell (~1-2 nm) which appears dark in Z-contrast 

images (Fig. 4.4a), suggesting chemistry like the shell of bulk core-shell particles characterized 

earlier. However, we categorized these particles as independent because clearly the Fe-rich ‘core’ 

region comprises of majority of the particle, unlike the bulk core-shell particle where both core 

and shell are prominently observed.   
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Fig. 4.3. STEM-HAADF images and overlay of EDS elemental maps (net counts) of surface core-

shell particle (a-b), bulk core-shell (c-d) and adjacent particles (e-f). 

 

 

Fig. 4.4. STEM HAADF (a) and BF (b) images showing variety of ‘adjacent’ Fe-rich and Fe-depleted 

particles observed, some marked with yellow outline. ‘Independent’ Fe-rich particles are marked with 

red arrows. 

 

The Fe-rich nanostructures formed throughout the LSF film, both at surface and in bulk, are 

mostly observed to have ellipsoidal geometry. Most research studies to-date performed in H2  (e.g. 

H2/Ar) reducing environments, but focused only on surface exsolution, have also shown similar 
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ellipsoidal or quasi-spherical geometry for exsolved particles 159,178,197. Our results are thus 

consistent with the previous observations of surface particle geometry produced by H2 

environments, but we further demonstrate that the bulk exsolved particles also have similar 

ellipsoidal geometry. Neagu et al. 178 showed that the shape of the exsolved nanostructures can be 

tuned for various applications by changing the atmosphere for exsolution treatment as they 

explored with faceted particle growth in a vacuum environment. Our results show that both surface 

and bulk exsolved particles will likely maintain similar geometry depending on the exsolution 

treatment. For the exsolved particles in this study, the shape factor (ratio of major axis length to 

minor axis, a/b) was calculated to be 1.4 ± 0.4 using ~30 particles (see Fig. B.4 in supplementary 

information). On average, the size of Fe-rich nanostructures is 12.1 ± 4.8 nm (Fig. 4.5). We don’t 

observe any significant variation in particle size with respect to the depth of the film. 

 

 

 
Fig. 4.5. Particle size distribution of Fe-rich nanostructures (based on major length ‘a’) formed 

throughout the LSF film via bulk exsolution.  

 

4.3.2. Quantitative analysis of bulk and surface nanostructures 

The elemental compositional analysis for the various nanostructures demonstrates that the 

exsolution of Fe directly affects the nearby regions in the film. We observe two main phenomena 

with quantitative analysis: (a) formation of lanthanum ferrite or LaxFeyO3-δ (LFO) around Fe 
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particles as a result of reaction with the LSF matrix, and (b) formation of Fe-depleted LSF adjacent 

to many Fe particles. Extracting the absolute composition of the various Fe-based nanostructures 

is challenging due to unavoidable contribution from the LSF matrix through the thickness of TEM 

lamellae specimen. However, useful results were obtained on the relative compositional changes 

between the exsolved nanostructures and the matrix. We quantified the concentration of cations 

using the Cliff-Lorimer method 34,85,86. 

The surface core-shell particle is rich in Fe and depleted in both La and Sr, compared to 

the LSF matrix (Fig. 4.6a). There is a decrease in HAADF intensity at the ‘shell’ region of the 

particle (points 1 and 4). Points 2 and 3 correspond to the particle core region, while point 5 

corresponds to the LSF matrix. Point 2 corresponds to about 97 at% Fe, demonstrating that the 

core of the particle is Fe-based only (as previously discussed that FFT analysis show the core to 

be Fe3O4. The gradual increase of La content and negligible change in Sr content, from the core to 

shell region, indicate that the Fe core is surrounded by LFO. Considering the sum of all cation 

concentrations to be 100 at%, the LSF matrix (as-prepared) correspond to 50 at% Fe, 30 at% La 

and 20 at% Sr. Here, the LSF matrix region is 36.5 at% Fe, 42.4 at% La and 21.1 at% Sr (Fig. 

4.6a, point 5). This indicates that exsolution of the surface Fe particle resulted in depletion of Fe 

in the surrounding perovskite matrix. 

Although the contribution of the LSF matrix is more prominent in the bulk core-shell 

particle, our analysis suggests that the core is Fe-rich and the shell is made of LFO similar to the 

surface particle, Fig. 4.6b. We observe local increase in HAADF intensity corresponding to the 

core of bulk core-shell particle (point1, Fig. 4.6b). Similar to the surface particle, the core is rich 

in Fe and depleted in La and Sr. The increasing concentration of La in the shell region (between 
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points 2 and 3, Fig. 4.6b), while the Sr concentrations remains similar, indicates that the shell is 

made of LFO. This is similar to the observation made for the surface particle.  

The quantitative results from adjacent particles show that exsolution of Fe in the LSF film 

can result in Fe-depleted LSF in the immediate vicinity of the Fe particles, Fig. 4.6c. The increase 

in HAADF intensity (point 2, Fig. 4.6c) corresponds to the position of the Fe particle, while the 

decrease in HAADF intensity (point 3, Fig. 4.6c) corresponds to the Fe-depleted particle. Going 

from the bright to dark particle, the Fe concentration gradually decreases while La and Sr 

concentrations gradually increase. However, the increase in Sr concentration is less prominent than 

La. We don’t observe an increase in Fe concentration at the onset of the bright particle (between 

points 1 and 2, Fig. 4.6c) due to contribution from another superpositioned Fe-exsolved particle; 

the particle is slightly out of focus in the HAADF image but within the interaction volume. 

Furthermore, consistent La and Sr concentrations along the bright particle suggests it is the 

contribution from LSF matrix.  

The quantitative analysis of independent particles confirms our hypothesis in the previous 

section that the composition of these particles is like bulk core-shell particles, with a primarily Fe 

‘core’ region and thin LFO ‘shell’ (Fig. 4.6d). The Fe core location corresponds to a local 

maximum in HAADF intensity (point 4, Fig. 4.6d), and a plateau in the Fe content profile (5 nm 

– 15 nm). The relatively consistent La and Sr content within the particle (between points 3 and 5, 

Fig. 4.6d) is attributed to the LSF matrix concentration within the interaction volume. The 

elemental concentrations in the LSF matrix region are 52.7 at% Fe, 30.4 at% La and 16.9 at% Sr 

(point 1, Fig. 4.6d). Like the observation of the bulk core-shell particle, the La content increases 

going from the core to shell region (point 3 to 2, Fig. 4.6d), whereas the Sr signal remains 
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unchanged, showing the presence of LFO shell around the independent particles. This is also 

evident by the dark contrast around the Fe-rich particles in the HAADF image of Fig. 4.6d.  

The dark HAADF contrast of the LFO shell formed around the Fe particles (Fig. 4.6) 

suggests lower mean Z compared to the LSF film matrix, but can also be due to structural distortion 

at phase boundaries affecting the HAADF signal. Mean Z for a compound can be calculated using 

different methods; we used the following to estimate mean Z values 198:  

    𝑍 =  √∑ 𝑎𝑖𝑍𝑖
2𝑛

𝑖=1  

where, ai is the atomic fraction and Zi is the atomic number of the constituent elements. Mean Z 

for LaFeO3 and LSF are calculated to be 28.7 and 26.1 respectively. Since LaFeO3 has higher 

mean Z than LSF, the shell would have a higher HAADF signal than the matrix if it was composed 

of LaFeO3, which is not the case here. Thus, we can assume that La:Fe ratio is not 1:1 in the shell. 

Based on our quantitative analysis of shell regions as well as mean Z calculations, we believe the 

shell around the Fe particles to be a La-depleted and Fe-rich (perovskite-like) oxide, compared to 

the LSF matrix.  
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Fig. 4.6: STEM-HAADF images and line profiles showing HAADF image intensity (counts) and 

elemental concentration (at%) of cations Fe, La, and Sr across surface core-shell (a), bulk core-shell 

(b), adjacent (c), and independent particles (d). Scale bar in HAADF images is 5 nm.  

 

4.3.3. Formation of Ruddlesden-Popper phase (LSF214) via bulk exsolution 

STEM characterization and FFT analysis confirm that Fe exsolution in the LSF film creates 

local A-site rich domains of RP phase. The general formula of RP phase can be given by 

An+1BnO3n+1; i.e. A2BO4 for n=1199. We found an inhomogeneous distribution of RP phases 

throughout the LSF film. Many Fe nanostructures are observed to form at the boundaries of the 
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LSF perovskite matrix and RP phases. Fig. 4.7a shows a bulk core-shell particle formed at the 

phase boundary between the original perovskite matrix (LSF113) and RP phase (LSF214) (Fig. 4.7).  

 

 

Fig. 4.7: STEM-BF image (a) and FFT patterns of LSF113 and LSF214 respectively (b-c). 

 



70 
 

 
Fig. 4.8: Observation of two different stages of the RP phase formation via exsolution process shown 

with STEM HAADF images (a,d) and STEM BF images (b,e). Corresponding FFT patterns (c,f) are 

also shown. 

 

In the same specimen, we observe different stages of RP phase formation near the surface of 

the LSF film (Fig. 8). For the partially transformed phase (Fig. 4.8a-b), (200) planes with non-

uniform linear contrast appear to be connected by zig-zag patterns, which is attributed to 

disordered planar defects 200. These planar-like defects are manifested as horizontal streaking on 

the FFT pattern (Fig. 4.8c). In the fully transformed RP phase (Fig. 4.8d-e), we see well-ordered 

arrangement of planar defects, shifted by ½a[100] as can be seen clearly in the inset of the HAADF 

image (Fig. 4.8d). Such ordered planar defects  are commonly observed in A-site rich oxides, and 

have been discussed previously by Suzuki et al.200 This results in sharp FFT spots, along with 

superlattice spots, as shown in Fig. 8f. 



71 
 

Formation of A-site rich surfaces (i.e. RP phases) from perovskite oxides are known to be 

detrimental to particle exsolution, and can degrade the efficiency of catalytic processes, such as 

the oxygen reduction reaction 148,201. Our STEM analysis also confirmed that the regions in the 

LSF film with large domains of RP phase have limited exsolution of Fe particles (see 

supplementary information, Fig. B.4). This indicates that with modifications in exsolution 

treatments, the formation of RP phase can be controlled to optimize exsolution of catalytic particles 

and thus achieve improved catalytic efficiency. 

4.4. Conclusions 

We report four distinct types of Fe-based nanostructures formed in LSF thin films (on MgO 

substrate) via bulk and surface exsolution: surface core-shell, bulk core-shell, adjacent and 

independent nanostructures. The core-shell particles are determined to have a metallic Fe core and 

LFO shell. The adjacent nanostructures are Fe exsolved particles with Fe-depleted LSF in their 

immediate vicinity. The independent nanostructures are found to have the same structure and 

chemistry like the bulk core-shell particles, but with a prominent Fe core region and very thin ~ 1-

2 nm LFO shell. We show that Fe exsolution creates local A-site rich domains of RP phase and 

two different stages of this phase formation via exsolution process is captured and analyzed using 

STEM imaging in this work. The phase boundaries, such as between RP phase and perovskite 

matrix, are attributed to be the primary sites for surface and bulk exsolution, suggesting the 

activation energy of Fe nucleation is lower at these boundaries. This work presents an in-depth 

nanostructure-based analysis of bulk and surface exsolution in thin films, offering a beneficial 

guide for scientists and engineers interested in exploring exsolution to optimize advanced energy 

materials.  
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CHAPTER 5:  Conclusions 

While there is a substantial number of studies on grain boundary segregation and energy 

measurements in single phase ceramics, there is a clear lack of literature on multiphase systems 

due to their complexity of interfaces. This thesis successfully demonstrates the correlations 

between ceramic processing techniques and grain boundary segregation in a three-phase ceramic, 

influence of grain boundary and interfacial energies on the microstructures of two-and-three phase 

ceramics, and the role of interfaces in a thin film oxide ceramic. 

o        In chapter 2, we determined that the grain boundary segregation behavior in a three-phase 

ceramic was distinct compared to segregation in their single-phase constituents. While 

different sintering techniques (conventional, flash and SPS) resulted in same type of elemental 

segregation qualitatively, the concentrations of segregants were found to vary with processing 

parameters. Specifically, Y/Zr segregation was observed in spinel-spinel, alumina-alumina and 

spinel-alumina boundaries, while Al segregation was observed at YSZ-YSZ boundaries. On 

the other hand, YSZ-spinel and YSZ-alumina did not show any cation segregation suggesting 

that the cations prefer to exist in the grains on either side of the heterointerface. Importantly, 

SPS samples showed relatively higher grain boundary segregation compared to conventional 

sintered sample, suggesting rapid sintering at low temperatures results in higher segregant 

concentrations. Both qualitative and quantitative results displayed the influence of processing 

on grain boundary segregation behavior, which will be beneficial to understand segregation 

behavior in other engineering material systems and the consequent effects on material 

performance. 

o         In chapter 3, we determined that grain boundary energies affect the microstructural 

evolution in multiphase ceramic systems i.e. grain boundaries with higher average energy 

occurred relatively less in the system compared to grain boundaries with lower energy. Our 
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results indicated that heterointerfaces, YSZ-spinel, YSZ-alumina and spinel-alumina, have 

intermediate interfacial energies compared to energies of the grain boundaries in their 

component phases. For instance, YSZ-alumina interfacial energy was found to be intermediate 

between YSZ-YSZ and alumina-alumina energies in multiphase systems (YSZ/alumina and 3-

phase YSZ/alumina/spinel samples). Overall, our results showed that average grain boundary 

energy for any type of interface did not change significantly between varying sample 

compositions, but subtle changes in energy distribution trends were observed due to expected 

changes in grain boundary chemistry. 

o          In chapter 4, we reported distinct types of Fe-based nanostructures (surface and bulk 

core-shells, adjacent and independent) exsolved in LSF thin films. Furthermore, it was 

determined that Fe-exsolution also creates domains of RP phase in the film. Phase boundaries, 

such as between RP phase and LSF matrix phase, were found to be the primary sites for surface 

and bulk exsolution. The results for this study suggest that the activation energy of Fe 

nucleation is lower at grain boundaries and interfaces. 
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APPENDIX A: Observations of Electron Beam Damage in Multiphase Ceramics 

 

Electron beam-induced damage is caused by the bombardment of intense and highly 

energetic electrons 202,203. SPS samples (particularly SPS samples without long anneal after 

sintering) were found to be more susceptible to e-beam damage for similar experimental and EDS 

parameters. On the other hand, the grain boundaries of the conventional sintered sample were 

found to be most stable against electron beam damage, compared to flash and SPS samples. The 

low stability against e-beam in the SPS samples is believed to be due to the rapid sintering at lower 

temperatures resulting in higher-energy non-equilibrium grain boundaries. 

  YSZ-spinel and YSZ-alumina interfaces of SPS samples were the least resistant to e-beam 

damage. This is an interesting observation of this study considering that YSZ-spinel and YSZ-

alumina are the two interfaces which do not show any segregation at grain boundaries. Fig. A.1 

shows a representative observation of e-beam damage at YSZ-spinel interface in SPS anneal 

sample. It is important to note that YSZ, known to be resistant to radiation damage, did not 

experience any e-beam damage even with longer e-beam exposure times, while the spinel and 

alumina phases damaged readily in SPS samples with longer (> 5-10 min) scan times (Figs. A.1 

and A.2).  

As a result of electron beam damage at the heterointerfaces, Mg and Al are observed to be 

pinned at the heterointerfaces (Figs. A.1-A.2) while the loss of mass occurs in regions between the 

grain boundary and grain interior. While this study did not focus on the quantification of O, 

previous work by Feng et al. showed increase in O concentration (i.e. depletion in O vacancies) at 

the grain boundary cores in a YSZ single phase system 3. This suggests that the electronic 

interaction between the grain boundary core (depleted in O vacancies) and the cations in the 

immediate vicinity of the grain boundary, could be the main factor affecting the distribution of 
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defects as electron beam damage occurred during STEM experiments. The susceptibility to e-beam 

damage implies that YSZ-spinel and YSZ-alumina interfaces are less stable in this case. This is 

consistent with our observations of lack of grain boundary segregation at these YSZ-spinel and 

YSZ-alumina heterointerfaces, which is an indication that they have not equilibrated during 

sintering.  

Our results indicate that the loss of Mg, Al and O from spinel and alumina grains (Fig. A.1-

A.2) could be a combination of different radiation damage mechanisms. Two main mechanisms 

by which radiation damage occurs in TEMs are knock-on damage and ionization damage 

(radiolysis), or a combination of both 202,203. While radiolysis mainly occurs in insulating oxides, 

knock-on damage can occur in both conducting and insulating oxides. Furthermore, knock-on 

damage is significant during prolonged exposure to e-beam and can become predominant at higher 

accelerating voltages ≥200 kV. Several studies have been conducted in the past to understand and 

analyze radiation damage effects in spinel particularly 204–206. Based on the high accelerating 

voltage of 300 kV of the primary beam used in this study and also considering radiolysis occurs in 

insulating oxides only, we suspect the loss of mass in spinel grains is a combination of both 

mechanisms.  

Spinel-spinel, alumina-alumina and spinel-alumina grain boundaries were found to be 

susceptible to e-beam damage only in the SPS sample (without long annealing), but the damage 

occurred relatively slower compared to YSZ-spinel and YSZ-alumina grain boundaries. This 

indicates that the grain boundaries of the SPS sample did not equilibrate during low temperature, 

rapid sintering, and thus the SPS sample was the most prone to e-beam damage among all the 

samples studied. 
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Fig. A.1. Electron beam damage in a spinel grain at the YSZ/spinel interface in SPS anneal shown by STEM 

BF image and corresponding EDS maps for Mg Kα, Al Kα, Y Kα,β, Zr Kα,β and O Kα. 

 

 

Fig. A.2. Electron beam damage in an alumina grain at the YSZ/alumina interface in SPS shown by STEM 

HAADF image and corresponding EDS maps for Al Kα, Y Kα,β, Zr Kα,β and O Kα. 
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APPENDIX B: Additional Experimental Data on Fe-exsolution in Lanthanum Strontium 

Ferrite Thin Films 

 

Fig. B.1: STEM HAADF image of surface core-shell nanostructure and corresponding elemental EDS 

maps of Fe K, La L, Sr K and O K. 

 

Fig. B.2: STEM HAADF image of bulk core-shell nanostructure and corresponding elemental EDS maps 

of Fe K, La L, Sr K and O K. 
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Fig. B.3: STEM HAADF image of adjacent Fe-rich and Fe-depleted nanostructures and corresponding 

elemental EDS maps of Fe K, La L, Sr K and O K. 

 

 

 

Fig. B.4: STEM HAADF image showing markings for major axis ‘a’ and minor axis ‘b’ dimensions of 

the ellipsoidal particles in LSF exsolved film used for calculations of average size of Fe nanostructures 

and shape factor. Blue arrows mark some of the LSF214 (RP) domains. Red arrows mark the LSF113 matrix 

region. 
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APPENDIX C: Additional Data on Grain Boundary Energy Measurements 

 

 
Fig. C.1. (A) Dihedral half-angles of alumina-alumina grain boundaries and dihedral half-angles of alumina 
side of spinel-alumina interface in our 3-phase sample, compared to a previous work7. (B) Dihedral half-

angles of spinel-spinel grain boundaries and dihedral half-angles of spinel side of spinel-alumina interface 

in our 3-phase sample, compared to a previous work7. 

 

z  

Fig. C.2. Cumulative distributions plots of YSZ-YSZ, alumina-alumina and YSZ/alumina interfaces in 

YSZ-alumina two-phase sample etched at 1500 oC. 
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Fig. C.3. Cumulative distributions plots of YSZ-YSZ, spinel-spinel and YSZ/spinel interfaces in YSZ-
spinel two-phase sample etched at 1500 oC. 

 

 
Fig. C.4. (A) Experimental microstructure of 3-phase sample (etched at 1500 oC) overlapped with Zr 
(yellow), Mg (pink) and Al (black) elemental EDS maps. (B) Calculated grain boundary length fractions 

(%) of all six types of interfaces in the 3-phase sample. S=spinel, A=alumina, Z=YSZ. 
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