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Abstract 
 Nanocrystalline oxides have been studied for their excellent mechanical and optical 

properties as well as their great chemical stabilities. These properties make them ideal materials 

for applications such as armored windows, laser gain media, and catalyst supports. Despite their 

desirable properties, we have a limited understanding of their mechanical behavior at small grain 

sizes. This makes it difficult to predict and tailor their properties for commercial applications. 

Furthermore, this class of materials is inherently metastable due to the sizeable energy 

contributions from their large interfacial areas. This high energy makes them susceptible to 

coarsening and grain growth which would diminish the properties that make them desirable. This 

work will focus on addressing these two issues by studying nanocrystalline zinc aluminate 

(ZnAl2O4) as a model material. This material was chosen due to its relatively high thermal 

conductivity which makes it a more attractive material, particularly for laser gain media and 

catalyst supports, than other oxides. 

 The first goal of this work will address the interfacial stabilities of zinc aluminate 

nanoparticles and fully dense samples. Solid-solid (surface) and solid-vapor (grain boundary) 

interfacial energies were tailored using dopant segregation as predicted by molecular dynamics 

simulations: atomistic simulations on a nanoparticle and two grain boundary structures were used 

to assess the segregation behavior of four dopants [Sc3+ (74.5 pm), In3+  (80.0 pm), Y3+ (90.0 pm), 

and Nd3+ (98.3 pm)]. The candidate dopants were chosen to induce segregation by maximizing the 

elastic strain in the lattice (i.e., large ionic radii). All four dopants were estimated to have favorable 

segregation energies to surfaces and grain boundaries with Y3+ consistently having the lowest 

energies at interfaces. Accordingly, undoped and doped (0.5 mol% Y2O3) were prepared to 

experimentally compare their interfacial energies and coarsening behaviors. Surface energies were 

estimated by water adsorption microcalorimetry which revealed that surface stabilities were 

effectively improved in doped nanopowders, as predicted in simulations. This behavior was 

correlated with coarsening inhibition and lower estimated diffusion coefficients, indicating Y3+ 

improves zinc aluminate stability against coarsening via kinetics and thermodynamics. Similarly, 

differential scanning calorimetry was used to measure grain boundary energies as a function of 

grain size for fully dense samples from both compositions. Grain boundary energies were lower 

for doped samples at each grain size studied which not only predicts limited grain growth for dense 

samples, but also elevated hardness and toughness. 
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 The mechanical performance (i.e., hardness and toughness) of Y-doped and undoped 

samples were compared to identify the effects of improved grain boundary stabilty. Hardness and 

toughness values were statistically similar for both compositions, indicating the dopant had 

negligible effects on zinc aluminate mechanical properties using a concentration of 0.5 mol%. The 

only exception was at larger grain sizes (above 25 nm) where Y-doped samples had significantly 

higher hardness. This was presumed to be a result of higher concentrations of Y3+ in these samples 

due to lower grain boundary area, hence limiting grain boundary mediated deformation or 

improving dislocation pinning from dopants segregated to dislocation cores. A more pronounced 

effect on mechanical properties was found when comparing stoichiometric zinc aluminate (Al:Zn 

= 2.01:1) to Al-rich zinc aluminate (Al:Zn = 2.87:1). Stoichiometric zinc aluminate exhibited 

elevated hardness with decreasing grain size until grain sizes of ~20 nm, while Al-rich samples 

underwent further hardening to grain sizes near 12 nm. Distinct cracking patterns were observed 

in both samples, suggesting the excess Al postponed the softening by stabilizing high-energy grain 

boundaries.  

The results from this work show that interfacial stability can be enhanced significantly by 

doping zinc aluminate with Y3+. This can be used to effectively tune zinc aluminate coarsening 

behavior at the nanoscale. The present work also showed that excess Al can be used to tune the 

grain size hardening behavior of nanocrystalline zinc aluminate; however, it remains unclear 

whether a similar effect can be induced by doping with Y3+ due to the low concentrations used 

here. These conclusions will prove beneficial as we employ nanocrystalline ceramics for the next 

generation of armored windows and catalysts. 
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Chapter 1: Introduction 

1.1: Motivation 

Nanocrystalline materials have long been topic of interest within the scientific community 

due to the unique properties they exhibit in comparison to their bulk counterparts1–8. This stark 

contrast between nano and bulk properties is directly related to the substantial increase in 

interfacial area at the nanoscale: as grain sizes decrease into the nanocrystalline regime, surfaces 

(solid-vapor interfaces) and grain boundaries (solid-solid interfaces) begin to dictate macroscopic 

material properties9–12. Their optical transparency4,13–32, elevated hardness (to a 

degree)13,24,26,29,33,34, and inherent high specific surface area make nanostructured ceramics prime 

candidates for applications such as armored windows15,27,29,34–36, laser gain media21,22,32,37, and 

catalysis38–42 among others. 

Grain boundaries and surfaces are highly energetic regions within any given material 

because of the large quantity of unsatisfied bonds43–45. In bulk ceramics, this excess energy is 

negligible since less than 10% of the material lies within the interfaces46, but the high interfacial 

areas present in nanomaterials contribute significantly to their total energies which generally gives 

rise to poor thermal stability against coarsening2,45–49. Attempts have been made to inhibit 

coarsening in ceramic nanomaterials both on thermodynamic and kinetic fronts which primarily 

involves the segregation of dopants to interfaces50–58. Thermodynamically, dopant segregation 

reduces the number of unsatisfied bonds in surfaces and grain boundaries which has been proven 

to successfully stabilize both nanocrystalline metal59–62 and ceramic interfaces50–57,63,64. Dopant 

segregation also impacts the kinetics of coarsening in dense ceramics; dopants that lie within grain 

boundary sites provide a drag force which hinders grain boundary mobility, hence limiting grain 

growth51,52,54,63,65–68. The thermal stability of nanocrystalline ceramics is an area of intrigue for 

ceramic researchers since this defines their viability for commercial applications. 

In addition to the thermodynamic complications associated with nanoceramics, our narrow 

understanding of the mechanisms underlying their mechanical behavior has provided notable 

research challenges. Grain size hardening, and subsequent softening, have been well-documented 

in nanostructured ceramics13,24,26,27,29,33,34,36,69,70 and metals60,71–74; however, it is still uncertain 

whether this behavior is caused by the same mechanisms observed in metals. Dislocation motion, 

grain boundary sliding, and creep are widely cited as dominant deformation mechanisms in bulk 

metals, with the latter two becoming increasingly relevant in the nanocrystalline 
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regime3,11,59,72,75,76. Although there is some evidence in literature of these mechanisms being 

present in nanocrystalline ceramics13,66,77, this is not well-understood since their ionic nature makes 

this type of deformation unfavorable at room temperature. Furthermore, there is significant discord 

surrounding the relationship between grain size and fracture toughness in nanostructured ceramics 

due to the plethora of limitations associated with accurate determination of fracture toughness 

values64,78–81. 

My studies will focus on enhancing our current understanding of the thermodynamic and 

mechanical behaviors of transparent nanoceramics for armored windows. Specifically, analyzing 

the effects of Al-enrichment and dopant segregation on nanocrystalline zinc aluminate interfacial  

stability. This work will further elucidate the role of dopants in tuning nanoceramic properties as 

we continue to assess their viability for commercial applications. 

 

1.2: Hypothesis 

The hypothesis of this work stems from previous work on interfacial stabilization of 

nanostructured materials, proposing that macroscopic properties can be tuned by altering the 

thermochemistry of interfaces. This collection of studies aims, in part, to correlate the improved 

interfacial thermodynamics of doped zinc aluminate with enhanced stability against coarsening to 

complement similar work on other nanocrystalline oxides50–52,55,57,63. Another key goal of this work 

is to expand our knowledge of the relationship between grain boundary stability and mechanical 

behavior in nanoceramics. There exists an abundance of studies that report weakened 

nanoceramics, including reduced fracture toughness8,78,81 and breakdowns in grain size 

hardening13,27,33,70 but only recently have we begun to showcase the role of grain boundary stability 

in controlling these trends70. A second goal of this work is to build upon our working knowledge 

of the interplay between grain boundary stability and mechanical performance of nanocrystalline 

ceramics by using both Al enrichment and rare-earth doping as methods to alter the stabilities of 

zinc aluminate grain boundaries. Generally, this work seeks to advance our ability to tune the 

mechanical and thermal properties of nanoceramics by enhancing interfacial thermodynamics to 

demonstrate their feasibility for applications such as next-generation armored windows. 
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1.3: Objectives 

1. Juxtapose the grain size hardening behavior of zinc aluminate sintered by two different 

spark plasma sintering techniques. 

2. Experimentally investigate the role of Al enrichment on the grain size hardening behavior 

exhibited by zinc aluminate. 

3. Computationally assess the segregation of an array of dopants to zinc aluminate surfaces 

and grain boundaries. 

4. Experimentally determine the surface energies of undoped and Y-doped zinc aluminate 

using water adsorption microcalorimetry. 

5. Analyze the grain growth behaviors of undoped and doped zinc aluminate. 

6. Experimentally determine grain boundary energies of undoped and Y-doped zinc 

aluminate using differential scanning calorimetry. 

7. Compare Vickers hardness and indentation fracture toughness for undoped and Y-doped 

zinc aluminate. 
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Chapter 2: Background 

2.1: Interfacial Chemistry in Nanocrystalline Ceramics 

2.1.1: Surface and grain boundaries in nanomaterials 

Material properties are defined by the properties of their bulk and interfacial (solid-solid 

and solid-vapor) components; however, interfacial effects are often considered negligible in 

coarse-grained materials. This type of assumption is typically valid due to the limited interfacial 

areas present in these materials as shown in  Figure 2.133,82: 

Figure 2.1: Geometric approximations showcasing sharp increases in the percentage of atoms 

within (a) 0.5 nm of surfaces with decreasing (spherical) particle diameters82 and (b) 1 nm of 

grain boundaries with decreasing (tetrakaidecahedron) grain sizes for fully-dense ceramics33. 

 

The opposite becomes true in the nanoscale; this class of materials, defined by their 

characteristically-small crystal sizes and high interfacial areas, exhibit properties such as room-

temperature creep and superplasticity in metals83,84 and optical transparency in ceramics24,30,32 that 

are limited in their coarse-grained counterparts. Although these properties make nanocrystals 

prime candidates for a range of applications, their high interfacial areas render them thermally 

unstable47,85 and make them susceptible to weak deformation mechanisms at small grain sizes13,64. 

The excess energies associated with grain boundaries and surfaces result from the high 

number of unsatisfied bonds and are influenced by a number of factors including crystal size, 

impurity concentration, and misorientation angle (for grain boundaries)86. Because of this, 

researchers have yet to develop experimental methods for measuring individual interfacial 

energies; although, significant work has been done to measure average surface (𝛾𝛾𝑠𝑠) and grain 



5 

boundary energies (𝛾𝛾𝑔𝑔𝑔𝑔) of nanocrystalline oxides using a variety of calorimetric techniques54,87–

91. Some of these measurements on model materials like yttria-stabilized zirconia and magnesium 

aluminate are included in Table 2.1 below: 

Material 
Calorimetric 

Technique 
𝜸𝜸𝒈𝒈𝒈𝒈 (J/m2) 𝜸𝜸𝒔𝒔 (J/m2) References 

8YSZ OMSC87 0.7387 1.1688 
Chen et al.87 

Costa et al.88  

10YSZ 

OMSC88 

OMSC89 

DSC90 

0.6889 

0.9490 

1.5188 

0.6990 

Costa et al.88 

Chen et al.89 

Li et al.90 

12YSZ OMSC88 — 1.8088 Costa et al.88 

15YSZ OMSC89 0.6489 — Chen et al.89 

MAO DSC91 0.5791 1.4991 Pereira et al.91 

Table 2.1: Reported values for interfacial energies of different compositions of yttria-stabilized 

zirconia (8YSZ, 10YSZ, 12YSZ, 15YSZ) and magnesium aluminate (MAO) measured by oxide 

melt solution calorimetry (OSMC)87–89 and differential scanning calorimetry (DSC)90,91. 

 

These measurements have become vital tools for comparing mechanical performance64,70 

as well as sintering behavior35,63 of various nanocrystalline ceramics while giving researchers a 

means of quantifying improvements in the relative stabilities of nanoceramic interfaces.  

 

2.1.2: Stabilization of nanoceramic interfaces 

The primary method used to improve the energetic landscape of nanomaterials involves 

saturating dopants at grain boundaries and surfaces to increase their coordination and is commonly 

referred to as dopant segregation92. This technique has been applied to nanostructured metals59,60 

as well as ceramics50–53,63. Studies using this technique have reported systematic decreases in 

interfacial energies as predicted by the Gibbs adsorption isotherm92: 

𝛾𝛾 = 𝛾𝛾0 − 𝛤𝛤𝐵𝐵(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑋𝑋𝐵𝐵 − 𝛥𝛥𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠) (2.1) 
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where 𝛾𝛾 is the interfacial (surface or grain boundary) energy with segregated dopants, 𝛾𝛾0 is the 

undoped interfacial energy, 𝛤𝛤𝐵𝐵 is the interfacial excess of the dopant, 𝑋𝑋𝐵𝐵 is the concentration of 

dopant, and 𝛥𝛥𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 is the segregation enthalpy of the dopant in the system92. This model relates an 

interfacial (surface or grain boundary) energy to the concentration of the dopant in the material, 

predicting a linear decrease given a spontaneous segregation enthalpy. In practice, this trend holds 

true until the point where segregation sites are saturated with dopants and further increases in 

dopant concentration result in second phase formation. This behavior is illustrated in curve (3) of 

Figure 2.2 which depicts this linear decrease in interfacial energy and a subsequent plateau 

indicative of a second phase. 

 

Figure 2.2: Schematic representation of the Gibbs adsorption isotherm applied to dopant 

segregation as depicted by Kirchheim92. The relationship in curve (3) occurs when the system 

surpasses the point of interfacial saturation, and a dopant-rich second-phase begins to form.  

 

 To induce interfacial segregation, Equation 2.1 states that dopant atoms must have a 

negative segregation enthalpy within the lattice. Segregation enthalpy is a function of a dopant’s 

electrostatic and elastic interactions with the lattice, so a dopant’s charge and ionic radius are key 

predictors of its ability to segregate to surfaces and grain boundaries50. To facilitate segregation, 

researchers commonly opt for dopants that are isovalent with one of the host atoms, such as La3+ 

in yttria-stabilized zirconia63,93 or Y3+ and Gd3+ in magnesium aluminate53. Doing so simplifies the 

defect chemistry associated with segregation by limiting space charge and dipole interactions 
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between dopant complexes and the lattice, making dopant segregation predominantly a function 

of elastic mismatch with the host atoms.94   

The defect chemistry in spinels (AB2O4) like magnesium aluminate (MgAl2O4) and lithium 

manganese oxide (LiMn2O4) becomes increasingly complex due to the inversion that occurs 

between atoms in A and B sites. In magnesium aluminate, this effect has been found to induce 

self-segregation of Al and Mg atoms due to the enhanced elastic strain from site inversion95,96. 

This self-segregation induces a space-charge layer in spinels that inherently limits the 

predictability of dopant segregation94,97. Despite this, researchers have successfully observed the 

effects of dopant segregation in spinels50,55,98. There have been multiple reports of reduced 

interfacial energies measured by calorimetry: Hasan et al. found the average grain boundary energy 

in dense magnesium aluminate to decrease from 0.53 J/m2 to 0.32 and 0.36 J/m2 using Gd3+ and 

Y3+, respectively50. Nakajima et al. achieved comparable results by doping lithium manganese 

oxide with Sc3+; in this case, average surface and grain boundary energies decreased by 44% and 

11% each98. Despite the limited effect on the system’s grain boundary energy, Nakajima et al. 

observed a clear segregation to the grain boundary region using electron energy loss spectroscopy 

as shown in Figure 2.398: 

 

Figure 2.3: Electron energy loss spectroscopy maps of Mn, O, and Sc in Sc-doped lithium 

manganese oxide nanoparticles by Nakajima et al.98. The red-orange contrast in the Sc map 

represents Sc decorating the grain boundary region of the nanoparticle system. 
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 Given the high interfacial area of nanocrystalline ceramics, even marginal improvements 

to interfacial energies have significant implications on their macroscopic properties and potential 

applications. This idea has made solute segregation and interfacial engineering a prominent area 

of research within the materials science community and enabled the tunability of mechanical 

performance and coarsening behavior at the nanoscale. 

 

2.2: Enhanced Stability Against Coarsening in Ceramic Nanoparticles 

Ceramic nanoparticles normally grow by Ostwald ripening – evaporation of smaller 

particles onto larger ones driven by the high curvature (or high surface energy) of small 

particles99,100. This process is defined by Equation 2.2 developed by Lifshitz and Slyozov which 

states that particle radii grow according to 𝑡𝑡1/3: 

𝑅𝑅𝑡𝑡3 − 𝑅𝑅03 = 8𝛾𝛾𝑠𝑠𝑐𝑐∞𝑉𝑉𝑚𝑚𝐷𝐷
9𝑅𝑅𝑅𝑅

𝑡𝑡  (2.2) 

where 𝑅𝑅𝑡𝑡 is the particle radius at time 𝑡𝑡, 𝛾𝛾𝑠𝑠 is the surface energy, 𝑐𝑐∞ is the solubility limit of the 

particle, 𝑉𝑉𝑚𝑚 is the molar volume, 𝐷𝐷 is the self-diffusion coefficient, 𝑅𝑅 is the ideal gas constant, and 

𝑇𝑇 is the temperature101. The characteristic equation for Ostwald ripening indicates that high surface 

stabilities and limited diffusion are required to impede nanoparticle growth. The previous section 

featured an in-depth discussion on how dopant segregation can be utilized to enhance nanoparticle 

stability, but Equation 2.2 reveals that diffusion must also be discussed to fully understand a 

system’s propensity for growth.  

 Material diffusion rates are functions of the individual diffusion rates of their species; for 

example, self-diffusion rates in magnesium aluminate and cerium oxide are determined by the 

slow diffusion of oxygen vacancies in the lattice100,102. This suggests that diffusion and growth of 

magnesium aluminate and ceria nanoparticles can be hindered by limiting the formation of oxygen 

vacancies. A study by Ting and Lu looked to compare the defect concentrations in magnesium 

aluminate samples with varying Al contents: Mg-rich, stoichiometric, and two Al-rich 

concentrations102. The following Brouwer diagram was developed to explain the effects of 

increasing Al content on the presence of oxygen vacancies: 



9 

 

Figure 2.4:  Brouwer diagram developed by Ting and Lui demonstrating the dominant defects 

present in magnesium aluminate at four different Al2O3 concentrations modified to highlight the 

concentration of oxygen vacancies102. 

 

 Ting and Lu concluded from this that adding excess Al into magnesium aluminate will 

suppress the formation of oxygen vacancies to compensate for the excess positive charge in the 

system102. The opposite is also true: looking at hypo-stoichiometric concentrations (i.e., Mg-rich), 

the number of oxygen vacancies increases to accommodate for negatively charged defects102. This 

result can be easily translated to the concept of dopant segregation to predict changes in defect 

chemistry. Introducing trivalent dopants into otherwise stoichiometric magnesium aluminate 

nanoparticles will generate positively charged defects which limit the formation of oxygen 

vacancies which, in turn, would hinder Ostwald ripening. 

 Furthermore, it is vital to understand the relationship between kinetics and thermodynamics 

in determining particle growth behavior. These two mechanisms can either work concomitantly to 

limit Ostwald ripening (e.g., by decreasing diffusive properties and enhancing surface stability) or 

compete if they have opposing effects. The latter was discussed by Wu et al. in Mn-doped ceria 

nanoparticles where surface energies were improved while diffusion was accelerated100. In this 

work, it was presumed that adding Mn3+ to ceria nanoparticles would facilitate the formation of 

oxygen vacancies: cerium exists in the 4+ state which makes Mn3+ substitution a negatively 
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charged defect100. In itself, this would predict an increase in ceria growth rates; however, 

coarsening inhibition was instead reported due to the decrease in surface energies from Mn3+ 

surface segregation100. Researchers typically design systems to prevent this competition by 

favoring both thermodynamics and coarsening. Gouvêa et al. studied tin oxide nanoparticles doped 

with magnesium oxide to target reduced coarsening103. Doped nanoparticles also resisted growth 

here, but it was believed that this system had both limited diffusion and improved surface stabilities 

relative to the undoped case103. 

 Similar behavior can be induced at grain boundaries to limit sintering and grain growth in 

dense nanoceramics52,54,104. Some cases of this include reduced grain growth in dense Gd-doped 

zirconia52 and Y-doped magnesium aluminate50. However, this behavior will not be discussed in 

detail here since the scope of this work will instead focus primarily on the growth behavior of 

ceramic nanoparticles. 

 

2.3: Grain Size Hardening in Nanocrystalline Ceramics 

Nanocrystalline metals are commonly reported to possess enhanced hardness and 

toughness as a result of increased dislocation density relative to bulk materials3. Although 

comparable results have been reported for nanoceramics24,26,33,34,64,70, trends remain unpredictable 

even within the same material systems. Inconsistent results have typically been attributed to a 

number of reasons including residual stress from sintering, nanopores, and second phase 

precipitation105. To improve our control over the mechanical behavior of nanostructured ceramics, 

it is first necessary to enhance our understanding of the dominant deformation modes in the 

nanocrystalline regime. 

Research on mechanical behavior of nanoceramics has primarily focused on grain size 

hardening due to the reproducibility and simplicity associated with indentation testing24,26,33,34,64,70. 

Numerous studies have attempted to estimate fracture toughness of such materials by means of 

indentation64,106 despite the well-documented limitations associated with the technique80,107. 

Conclusions drawn from both hardness and indentation toughness measurements will both be 

discussed here to provide an overview of our current understanding of nanoceramic mechanical 

performance. 

The ionic character of ceramics has led researchers to believe that dislocations have a 

minimal role in dictating their mechanical behavior108. Despite this, the ceramic community has 
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drawn parallels between grain size hardening in ceramics and the Hall-Petch behavior in 

metals24,26,33. Hall-Petch strengthening is a well-known phenomenon that relates a metal’s yield 

strength to its average grain size (𝐷𝐷), stating that strength scales with 𝐷𝐷−0.5 as in Equation 2.3: 

𝜎𝜎𝐻𝐻𝐻𝐻 = 𝜎𝜎0 + 𝑘𝑘𝐷𝐷−0.5 (2.3) 

where 𝜎𝜎𝐻𝐻𝐻𝐻 is the yield strength at a given grain size, 𝜎𝜎0 represents the dislocation movement 

resistance within polycrystalline grains, 𝐷𝐷 is the grain size, and 𝑘𝑘 is the Hall-Petch slope72. This 

equation is normally adapted for Vickers hardness to describe the improved hardness in ceramics 

at small grain sizes24,26,33. 

It has been widely acknowledged that the Hall-Petch relationship breaks down at low grain 

sizes in metals as grain boundary deformation (e.g., creep and grain rotation) become 

dominant105,109. The existence of such a breakdown is controversial for ceramics since both trends 

have been reported at small grain sizes even in the same material24,27,33,34. The opposing trends are 

depicted in Figure 2.5 which includes plots of Vickers hardness against grain size in the Hall-

Petch form for two different studies on magnesium aluminate: 

Figure 2.5: Vickers hardness plotted against the inverse square root of grain size from studies by 

(a) Ryou et al. on nanocrystalline magnesium aluminate sintered using a multianvil apparatus33 

and (b) Muche et al. on nanocrystalline magnesium aluminate sintered by deformable-punch 

spark plasma sintering24. 

 

Ryou et al. reported enhanced hardness in magnesium aluminate as grain sizes approached 

18 nm; however, further decreases in grain sizes led to an inversion in the Hall-Petch relationship 
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(Figure 2.5a)33. Ryou et al. correlated the critical grain size for this breakdown with an appreciable 

increase in the volume fraction of triple junctions (estimated geometrically assuming 

tetrakaidecahedron grains) in magnesium aluminate, suggesting the Hall-Petch breakdown could 

result from elevated crack nucleation at the intersection between grains33. On the other hand, 

Muche et al. did not noticed any softening in magnesium aluminate down to grain sizes of 7.1 nm 

(Figure 2.5b)24. This extended grain size hardening was attributed to improved stability in grain 

configurations from using compliant punches during spark plasma sintering24. The inconsistencies 

between these studies highlight our limited control over grain size hardening in ceramics and 

indicate that more work must be done to understand the deformation mechanics in these systems. 

 Studies on nanoceramic deformation have primarily focused on the analysis of milled 

cross-sections below indentation surfaces and have helped identify the presence of extensive crack 

networks, shear bands, and dislocation pileups underneath indentations13,26,70. Images from 

representative studies are included in Figure 2.6 below: 

Figure 2.6: (a) High angle annular dark field image of a cross-section milled underneath 

indentations on a magnesium aluminate sample with average grain sizes of 22 nm by Ratzker et 

al.13 and (b) scanning electron microscopy image of an indentation cross-section in a zinc 

aluminate sample with an average grain size around 10 nm by Yang et al.26. 

 

 The image from Ratzker et al. shows shear bands underneath a magnesium aluminate 

indentation which confirms that grain boundary plasticity is active in nanocrystalline ceramics13. 

Other images in this study showed a substantial number of dislocations present in larger-grained 

(~40 nm) samples, which suggests that grain size hardening in ceramics may be dominated by the 

same mechanisms as in metals, with a transition to grain boundary deformation at small grain 
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sizes13. Similarly, Yang et al. looked at milled cross-sections of zinc aluminate samples to analyze 

the crack patterns26. The image in Figure 2.6b captured an extensive network of lateral cracks in 

small-grained samples, which highlights the role that cracks may have in the Hall-Petch 

breakdown: despite not measuring any softening in this study, the increased cracking serves as a 

hint that this may occur with further decreases in grain size26.  

 Other studies have focused on predicting mechanical performance by looking at trends in 

grain boundary energies64,70. Bokov et al. measured hardness as a function of grain size for 

nanocrystalline yttria-stabilized zirconia to compare this with average grain boundary energies 

measured by differential scanning calorimetry70. They found that the critical grain size for the Hall-

Petch breakdown coincided with an increase in the average grain boundary energy as shown in 

Figure 2.7 below: 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Grain boundary energies and Vickers hardness of nanocrystalline yttria-stabilized 

zirconia plotted as function of grain boundary area by Bokov et al.70. 

 

It can be assumed that this increase in grain boundary energy at small grain sizes is 

activating grain boundary deformation mechanisms as noted by Ratzker et al.13 which, in turn, 

results in lower hardness at these grain sizes. By generalizing this result, one can hypothesize that 

mechanical behavior of nanocrystalline materials can be controlled by tuning grain boundary 

energies. 
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In the previous sections, we discussed using dopant segregation to improve the coarsening 

behavior of ceramic nanoparticles by leveraging the Gibbs adsorption isotherm92. By applying this 

idea instead to grain boundaries, we can envision improved control over mechanical properties in 

nanostructured materials. There have already been several reports of enhanced hardness by doping 

nanocrystalline metals59,110, but this idea has yet to be applied to study hardness in ceramics. A 

separate study by Bokov et al. investigated indentation fracture toughness in nanocrystalline yttria-

stabilized zirconia doped with various amounts of La3+ and found that toughness was proportional 

to the dopant concentration64. It was concluded that La3+ preferentially segregated to high-energy 

grain boundaries which led to enhanced crack branching in doped samples64. This result highlights 

the role of grain boundary thermodynamics in defining the mechanical properties of 

nanocrystalline ceramics and forecasts one focus of this work.
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Chapter 3: Grain Size Hardening in Stoichiometric and Al-Rich Zinc 

Aluminate 

Abstract 

The increase in hardness with decreasing grain size is a well-known size effect known as 

the Hall-Petch relationship. In ceramics, there has been controversy surrounding the existence of 

a low size limit below which size-induced hardening no longer occurs and softening is observed 

instead. Here, this so-called inverse Hall-Petch relationship was observed in quasi-stoichiometric 

dense nanocrystalline zinc aluminate while an extension of the normal Hall-Petch behavior was 

demonstrated by Al-rich zinc aluminate nanoceramics. Vickers hardness increased with grain 

refinement for quasi-stoichiometric samples prepared by High Pressure Spark Plasma Sintering, 

exhibiting a maximum of 18.6 GPa at a grain size of 21.4 nm. Conversely, Al-rich zinc aluminate 

produced by the same technique strengthened up to 19.2 GPa at 12.6 nm grain sizes. Cross-sections 

of Vickers indentation imprints showed that while quasi-stoichiometric zinc aluminate showed a 

change in sub-surface cracking pattern from larger to smaller grain sizes (before and after the Hall-

Petch breakdown), the Al-rich samples had sub-surface cracking similar to those found in large 

grain sizes in quasi-stoichiometric samples. These results suggest that softening at small grain sizes 

is driven by the activation of shear and fracture at weak grain boundaries which can be mitigated 

by Al enrichment. 

 

3.1: Introduction 

The observed strengthening of polycrystalline materials with decreasing grain size is 

known as the Hall-Petch relationship75,76 and follows the empirical relation: 

𝜎𝜎𝐻𝐻𝐻𝐻 = 𝜎𝜎0 + 𝑘𝑘𝐷𝐷−0.5 (3.1) 

where 𝜎𝜎0 is known as dislocation movement resistance within polycrystalline grains, 𝐷𝐷 is the grain 

size, and 𝑘𝑘 is the so-called Hall-Petch slope. This relation has been reported in a wide variety of 

materials and grain sizes24,26,34,72,111–113 with proposed mechanisms usually being dislocation 

dynamics and interactions with grain boundaries113. Although the intrinsic network of ionic and 

covalent bonds significantly limits dislocation density in ceramics, the linear dependence between 

micro-hardness and the inverse square root of grain size is still believed to result from grain 
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boundary effects on dislocation motion. It has been proposed that increasing grain boundary area 

leads to Hall-Petch strengthening by augmenting dislocation pile-ups at grain boundary 

regions69,114. However, the grain boundary region itself becomes increasingly relevant as the stress 

surpasses the dislocation slip energy release capacity, thus activating a second mechanism of strain 

accommodation. This is referred to as the quasi-plasticity model24,26 which suggests that grain 

boundary shearing enhances strain accommodation and leads to elevated hardness with decreasing 

grain size. 

An inverse Hall-Petch relation is commonly observed in metals67,71,73,74,115,116 when grain 

sizes are in the low nanometer range (typically below 10 nm). This is associated with a transition 

in the dominant load-accommodation mechanism from dislocation-based plasticity to grain 

boundary sliding75. There is still discord regarding the presence of an inverse scaling law in 

nanoceramics24,26,27,33,34. For example, Ryou et al. observed the decrease in hardness with 

decreasing grain size in magnesium aluminate with grains refined below 18.4 nm33. On the other 

hand, Muche et al. sintered the same spinel to a grain size of 7.1 nm and did not detect significant 

softening, attributing this behavior to grain shearing as stated in the quasi-plasticity model24,34. The 

inverse relation was also observed by Sokol et al.27 challenging the data presented by Muche et 

al.24, but they did not discuss the underlying deformation mechanisms that may be responsible for 

the observed relation. 

Ryou et al. pointed out a direct correlation between the breakdown of the Hall-Petch 

relation and an increase in the volume fraction of grain boundary triple junctions, suggesting the 

suppression of grain boundary sliding may lead to nanocracks near triple junctions and in turn, 

decreasing hardness33. However, nanocracks have been directly observed underneath indentations 

on zinc aluminate nanoceramics without a Hall-Petch inversion26. Complementing concepts 

introduced by Ryou et al. and Yang et al. propose that crack patterns and associated energies dictate 

the dominant load accommodation mechanism and therefore govern grain size hardening (or 

softening) in nanoceramics. This concept was further supported by Bokov et al., who demonstrated 

a correlation between increasing grain boundary energy and the onset of the inverse Hall-Petch 

relation in yttria-stabilized zirconia70. By definition, grain boundaries bring excess energy to the 

system as they constitute locally unsatisfied chemical bonds and ionic coordination. Bokov et al. 

reported that the population of high-energy grain boundaries grows as grain sizes decrease in 

nanoceramics70. This leads to weaker interactions between grains which facilitates intergranular 
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fracture under indentation. The low activation energy for fracture manifests itself as a decrease in 

hardness following the inverse Hall-Petch relation. This proposed relationship between grain 

boundary energy (or grain boundary strength) and Hall-Petch behavior suggests that the inverse 

Hall-Petch relation could be mitigated by avoiding an increase in grain boundary energy, 

suggesting ‘colossal’ hardening may be achieved in nanoceramics70.  

Yang et al. have shown that an inverse Hall-Petch slope is not observed in zinc aluminate 

down to grain sizes around 10 nm26. Like Muche et al., the samples were fabricated using 

deformable-punch spark plasma sintering (DP-SPS). This technique uses a complying WC punch 

designed to deform in the final stages of sintering, causing full densification with minimal grain 

growth. This technique differs fundamentally from Ryou et al.’s approach that uses a multianvil 

boron nitride die33, which is akin to Bokov et al.’s high-pressure spark plasma sintering (HP-SPS) 

setup70 that uses diamond-SiC punches. Since both Ryou et al. and Bokov et al. report the existence 

of an inverse Hall-Petch, it is tempting to attribute the extended Hall-Petch relationship observed 

by Muche et al. and Yang et al. to the DP-SPS fabrication technique and its effects on material 

structure. 

The effect of off-stoichiometry has not been well studied in the context of the Hall-Petch 

relation despite its potential for altering grain boundary properties. For example, it has been 

reported that grain boundary chemistry varies in magnesium aluminate depending on the cationic 

excess117. Al-rich samples show excess Al3+ cations in the grain boundary regions, affecting the 

local space charge layer and phenomena such as grain boundary migration96. Similarly, Yang et 

al. illustrated the effect of zinc aluminate non-stoichiometry on grain boundary energetics and 

showed that increasing the ratio of Al:Zn can suppress coarsening during sintering118. Considering 

the large fraction of grain boundaries in the nanocrystalline regime, interfacial chemistry can play 

a significant role in dictating the dominant load accommodation mechanism. To our knowledge, 

there are no studies discussing the role of stoichiometry on the mechanical properties of zinc 

aluminate nanoceramics. 

In this study, a quasi-stoichiometric nanocrystalline ZnAl2.01O4 powder and an Al-rich 

ZnAl2.87O4 nanopowder were synthesized via co-precipitation to juxtapose the effects of sintering 

conditions and stoichiometry on the hardness of zinc aluminate nanoceramics. Nanopowders were 

sintered with HP-SPS utilizing inner punches composed of a diamond/SiC composite as well as 

DP-SPS using compliant WC inner punches to different grain sizes. These samples were then 
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indented to determine Vickers hardness. The results reveal that the sintering technique is not 

sufficient to reverse the hardness trend in dense nanocrystalline zinc aluminate but suggest the 

Hall-Petch inversion could be postponed with Al excess. 

 

3.2: Experimental Procedures 

3.2.1: Synthesis and nanopowder characterization 

Nanocrystalline ZnAl2.01O4 (S-ZAO) powder was synthesized through a modified co-

precipitation route26,118. Zn(NO3)2·6H2O and Al(NO3)3·9H2O (Sigma Aldrich, >98%) were 

dissolved in deionized water in the metal stoichiometric molar ratio of 1:2. Prior to synthesis, water 

contents were measured for both nitrate powders to ensure the stoichiometric ratio was maintained. 

The pH was kept at ~8.5 throughout the synthesis to inhibit formation of Zn(NH3)42+: the stability 

of the complex would reduce the amount of Zn2+ ions in the precipitate leading to an Al-rich 

environment26,118. The precipitate was washed three times with ethanol then dried in an oven at 

80°C for 72 hours. 

Upon drying, the hydroxide was ground into a fine powder and calcined in a Thermo 

Scientific Lindberg/Blue M (Thermo Fisher Scientific Inc., Waltham, MA) box furnace at 550°C 

for 4 hours. The calcination temperature was chosen to ensure complete crystallization while 

limiting grain growth using results from a high temperature x-ray diffraction (XRD) study on a 

Bruker D8 (Bruker, Billerica, MA) operated at 40 kV, 40 mA (CuKα radiation, λ=1.5406 Å). 

ZnAl2.87O4 (E-ZAO) powder synthesized according to Yang et al26,118 was instead calcined at 

630°C for 4 hours in the same furnace. Zinc aluminate nanoparticles were analyzed by XRD to 

perform phase and crystallite size analysis with whole pattern fitting in the JADE 6.1 (Materials 

Data Inc., Livermore, CA) software. Powder diffraction file #05-0669 was used for all x-ray 

analysis. 

 

3.2.2: Spark plasma sintering 

 Synthesized nanopowders were degassed at 400°C for 16 hours in a Micromeritics 

SmartVacPrep (Micromeritics Instrument Corp., Norcross, GA) then transferred to a glovebox 

kept in a dry nitrogen atmosphere to keep nanoparticles moisture-free. Two previously proven 

spark plasma sintering (SPS) techniques were used to sinter zinc aluminate: high-pressure spark 
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plasma sintering (HP-SPS)27,64,70,93 and deformable-punch spark plasma sintering (DP-SPS)24,26,34. 

For both techniques, powder was loaded into dies inside the glovebox to minimize exposure time 

in atmospheric air then quickly transferred to SPS model 825S (Syntex Inc., Kawasaki, Japan). 

 The HP-SPS setup used a die (inner diameter (ID): 4 mm, outer diameter (OD): 19 mm) 

made of diamond/SiC composite (Hyperion Materials & Technologies, Deerfield Beach, FL). 

Punches with the same diameter composed of the same material were placed on the top and bottom 

of the die to transfer the load. This setup was placed inside a graphite die (ID: 19 mm, OD: 45 

mm) to ensure sufficient electrical conductivity. The DP-SPS setup involved a graphite die (ID: 5 

mm, OD: 19 mm) with 5 mm diameter punches made of cemented tungsten carbide (WC)–6% Co 

that was then placed inside a larger graphite die. The WC punches undergo plastic deformation at 

elevated temperatures/pressures which allows grains to slide at the punch/sample interface. The 

surfaces of the WC punches that were in contact with the sample were polished and coated in a 

thin layer of boron nitride to avoid contamination and serve as a lubricant for removal of the 

sintered pellet. After either DP-SPS or HP-SPS sintering, each pellet was annealed at 150°C below 

its sintering temperature to release any residual strain and allow for oxidation of carbon or any 

potentially reduced elements. 

 

3.2.3: Pellet characterization 

Electron microprobe analysis (EMPA) was performed using a Cameca SX-100 (Cameca, 

Gennevulliers, France) electron microprobe to confirm stoichiometry on one sintered pellet from 

each synthesis batch. Atomic counts were measured at 10 different points on each pellet and 

averaged to give an Al:Zn ratio of 2.01:1 for S-ZAO and 2.87:1 for E-ZAO. 

Relative densities were measured for most pellets using Archimedes’ principle which 

revealed an average density of 4.53 (±0.05) g/cm3 for S-ZAO and 4.20 (±0.05) g/cm3 for E-ZAO 

samples. Because SEM images showed absence of porosity, the difference in densities can be 

attributed to distinct stoichiometries and does not necessarily indicate varying degrees of porosity. 

Crystallite sizes were calculated for all pellets using XRD and confirmed by imaging on a 

FEI Nova NanoSEM 430 (FEI Company, Hillsboro, OR) scanning electron microscope (SEM) to 

represent grain sizes. Pellets were sputter-coated in a 30-50 nm layer of carbon for improved 

resolution. A minimum of 300 grains were counted for each sample using the ImageJ software. 
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Extensive SEM analysis was performed to confirm lack of porosity in samples, and none could be 

found. 

Transmission electron microscopy (TEM) sample preparation was performed using a lift-

out routine on a Thermo Scientific Scios DualBeam SEM/FIB (Thermo Fisher Scientific Inc., 

Waltham, MA). The Scios is equipped with a Ga ion column and Thermo Fisher Scientific Easy-

Lift lift-out needle. The lift-out routine and settings for each step followed those described by 

Schaffer et al. and Baram et al.119,120. High-resolution TEM (HRTEM) micrographs were acquired 

using a JEOL JEM 2100F-AC transmission electron microscope (JEOL Ltd., Tokyo, Japan) at an 

accelerating voltage of 200 kV and a convergence setting of Alpha 2. A Gatan Rio 16 camera 

(Gatan, Pleasanton, CA) was used to record images. 

Pellets were cleaned with acetone to remove excess adhesives and polished again down to 

0.1 µm diamond paste to remove residual gold, palladium, and carbon. An Evolution 220 

Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA) was used along with the OOIBase 32 

software to record and analyze UV/Vis in-line transmission spectra. Before measurements, an 

empty sample holder was placed between the light source and detector to establish a baseline; for 

measurements, pellets were fixed on the holder. 

 

3.2.4: Hardness testing 

Obtained pellets were polished down to 0.1 µm diamond paste to ensure flat surfaces for 

hardness testing. Microindentations were performed with a Vickers pyramid on a Mitutoyo HM-

220A (Mitutoyo Corporation, Sakado, Japan) applying a constant load of 40 gf. Preliminary tests 

showed that higher loads caused significant spallation in the indentation zone. Therefore, this study 

focused on 40 gf indentations with minimal to no spallation to assess the intrinsic property of the 

nanoceramics, consistently with Ryou et al. who noted a reduction in hardness with increased 

spallation33. There is evidence to suggest indentation load has little to no effect on Vickers hardness 

in zinc aluminate if spallation is not observed26. Therefore, to determine hardness, 5-10 spallation-

free indents were imaged under SEM for each sample after sputter-coating in a 5 nm 

gold/palladium for better resolution.  

Sub-cracking mechanisms present during microindentation experiments were investigated 

by sectioning indents using focused ion beam (FIB) on a Thermo Scientific Scios DualBeam 

SEM/FIB (Thermo Fisher Scientific Inc., Waltham, MA). Initially, a 2 µm-thick W coating was 
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deposited onto the indents to protect from ion beam damage. This was followed by gradual removal 

of the material with a Ga-ion beam with 30 kV accelerating voltage and 1-30 nA of current. 

 

3.3: Results 

3.3.1: Microstructural characterization 

Figure 3.1 shows x-ray diffraction (XRD) patterns for quasi-stoichiometric (S-ZAO) and 

Al-rich (E-ZAO) zinc aluminate nanopowders following calcination at 550°C and 630°C for 4 

hours, respectively. Both XRD patterns reveal single phases with peaks corresponding to the 

characteristic spinel structure. Peaks are significantly broad in both cases, leading to calculated 

crystallite sizes of 6.0 nm and 7.6 nm for S-ZAO and E-ZAO, respectively. Figure 3.2 shows TEM 

images of the dispersed powders, showing relatively isotropic particles with grain dimensions 

consistent with crystallite sizes calculated from XRD. There was no significant difference in 

agglomeration and particle morphology between the two compositions. 
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Figure 3.1: X-ray diffraction patterns of S-ZAO (calcined at 550°C for 4 hours) and E-ZAO 

(calcined at 630°C for 4 hours) nanopowders along with sintered pellets S-H16 and E-H13. Peak 

sharpening in pellet patterns is due to grain growth during sintering. 
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Figure 3.2: Bright field transmission electron microscopy (TEM) images taken of (a) S-ZAO 

nanoparticles calcined at 550°C for 4 hours and (b) E-ZAO nanoparticles calcined at 630°C for 4 

hours. The images show uniform particles with sizes consistent to those measured using x-ray 

diffraction. 

 

The powders were subjected to densification with spark plasma sintering (SPS) utilizing 

either the deformable-punch (DP-SPS) or the high-pressure (HP-SPS) setup, as detailed in the 

experimental section. Densification conditions are listed in Table 3.1 with samples labeled 

according to the stoichiometry (S or E for quasi-stoichiometric and Al-rich, respectively), 

processing parameters (D or H, for deformable-punch and high-pressure diamond/SiC setup, 

respectively), and rounded numbers for the measured grain size. 
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Sample 
Grain Size 

(nm) 
Sintering Conditions 

Annealing 

Conditions 
HV40 gf (GPa) 

S-D14 14.4 780°C/1.6 GPa/5 min 630°C/1 hr 17.0 (±0.3) 

S-D15 14.7 780°C/1.6 GPa/5 min 630°C/1 hr 17.6 (±0.2) 

S-D20 20.2 820°C/1.4 GPa/5 min 670°C/1 hr 18.8 (±0.2) 

S-H12 12.7 730°C/2.2 GPa/NH 580°C/1 hr 17.5 (±0.7) 

S-H14 14.9 730°C/2.2 GPa/4 min 580°C/1 hr 17.8 (±0.6) 

S-H15 15.3 780°C/2.0 GPa/NH 630°C/1 hr 18.4 (±0.4) 

S-H16 16.7 800°C/1.4 GPa/NH 650°C/1 hr 18.4 (±0.5) 

S-H18 18.7 780°C/2.0 GPa/4 min 630°C/1 hr 18.5 (±0.2) 

S-H21 21.4 850°C/1.4 GPa/NH 700°C/1 hr 18.6 (±0.1) 

S-H26 26.4 900°C/1.4 GPa/NH 750°C/1 hr 18.6 (±0.3) 

S-H34 34.1 850°C/1.4 GPa/4 min 700°C/1 hr 18.0 (±0.6) 

S-H48 48.2 950°C/0.8 GPa/4 min 800°C/1 hr 17.7 (±0.6) 

E-D17 16.9 820°C/1.4 GPa/5 min 670°C/1 hr 18.8 (±0.9) 

E-H12 12.4 780°C/2.0 GPa/4 min 630°C/1 hr 19.1 (±0.4) 

E-H13 12.6 780°C/2.0 GPa/4 min 630°C/1 hr 19.2 (±0.6) 

E-H18 17.8 820°C/1.6 GPa/5 min 670°C/1 hr 18.7 (±0.4) 

Table 3.1: Summary of sintered ZAO pellets including sintering conditions and final grain sizes. 

Samples were labeled according to the stoichiometry (S or E for quasi-stoichiometric and Al-

rich, respectively), processing parameters (D or H, for deformable-punch and high-pressure, 

respectively), and rounded numbers for measured grain sizes. Hardness values were all measured 

at loads of 40 gf. 

 

Also shown in Figure 3.1 are XRD patterns for representative sintered pellets of each 

stoichiometry. Although patterns for only samples S-H16 and E-H13 are shown in the figure, all 

sintered pellets were tested and showed the spinel phase with absence of a second phase, at least 

to the technique detection limit. Peaks were sharper than those found for nanopowders, but still 

consistent with nanoscale dimensions. Despite multiple attempts, E-ZAO samples could not be 

densified to high transparency with grain sizes higher than 17.8 nm: traces of an Al-rich second 
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phase systematically nucleate during densification and compromise transparency. Similar 

limitations have been previously observed during the fabrication of doped nanoceramics50. For 

instance, 3-mol% La-doped magnesium aluminate could not be sintered to high densities at grain 

sizes above 61 nm using SPS50. This was attributed to second phase nucleation from excessive La 

segregation to the grain boundaries due to limited grain boundary area at large grain sizes. This 

may suggest that excess Al in dense E-ZAO samples is segregated to the grain boundary regions, 

which would be consistent with observations in Al-rich magnesium aluminate97, but further studies 

are needed. 

 All pellets included in this study were visibly transparent for both S-ZAO and E-ZAO. The 

in-line transmission obtained for S-H21 showed approximately 76% of light transmission in the 

visible spectrum range (500-750 nm) which is consistent with data reported in literature for 

nanocrystalline26 and microcrystalline121 zinc aluminate. High levels of transmission may be 

attributed to a lack of porosity and high density in samples: pores are known to act as efficient 

light scattering centers in dense ceramics14,17,122.  

 

3.3.2: Hardness tests 

 Samples underwent Vickers indentation tests at a fixed load of 40 gf to limit spallation13,33 

as discussed in the experimental section. Hardness values are included in Table 3.1 along with the 

corresponding grain sizes. The hardness data is also consolidated and plotted as a function of the 

inverse of the root square of the grain size in Figure 3.3 along with data obtained by Fu et al. for 

sub-microscale zinc aluminate18.  
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Figure 3.3: Vickers hardness plotted in Hall-Petch form for all S-ZAO (blue) and E-ZAO (red) 

samples along with data for sub-microscale zinc aluminate reported by Fu et al. Samples sintered 

by high pressure spark plasma sintering are denoted with a filled symbol while those sintered 

using deformable-punch spark plasma sintering are denoted by a hollow one. The inset image 

shows samples S-H21 (left) and E-H18 (right) both with 4 mm diameters. 

 

Hardness for HP-SPS prepared S-ZAO increased with decreasing grain size down to about 

24 nm where it reached 18.8 (±0.3) GPa. The number in parentheses represents a 95% confidence 

interval around the mean hardness, e.g., the true average hardness for this sample will lie between 

18.5 and 19.1 GPa. The hardness is overall higher than what is reported in the literature for micron 

and submicron scale grains, which is consistent with grain size hardening. Softening is observed 

below 24 nm in these samples in typical inverse Hall-Petch fashion; the onset of this breakdown 

occurs at grain sizes similar to 10YSZ and magnesium aluminate27,33,70. The presence of a Hall-
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Petch inversion in HP-SPS S-ZAO contradicts data from Yang et al. who reported hardening 

persists down to grain sizes as low as 10.1 nm26. 

The data for S-ZAO prepared by DP-SPS are also plotted in the graph and apparently 

follow the same trend of the HP-SPS processed ones. This is somewhat surprising considering 

recent claims that DP-SPS could be responsible for the postponement of the Hall-Petch relation to 

grain sizes below 10 nm24,26. On the other hand, E-ZAO processed with both DP-SPS and HP-SPS 

exhibited higher hardness values, particularly for smaller grain sizes, suggesting an apparent 

extension of the Hall-Petch relationship down to 12.6 nm. S-ZAO and E-ZAO hardness values 

were fairly consistent until the onset of the Hall-Petch breakdown in S-ZAO: the Hall-Petch slopes 

were 13.9 GPa∙nm0.5 and 9.4 GPa∙nm0.5 for S-ZAO and E-ZAO, respectively. Conversely, the slope 

for Yang et al.’s samples was reported as 23.9 GPa∙nm0.5, which is notably larger than the slopes 

from this study. Fully dense samples with grain sizes below 12.6 nm could not be attained. Yang 

et al. did not report the stoichiometry of their powders, but the present data suggests it is possible 

their samples were Al-rich and similar to E-ZAO. This would contradict the idea proposed by 

Koch and Narayan that an inverse Hall-Petch relation is only observed for defect-rich samples105. 

 

3.3.3: Indentation analysis 

 Indentations in ceramics are characterized by the formation of cracks underneath the 

indented region. The elastic deformation region formed during indentation is small. Although 

some deformation can occur in nanoceramics, particularly when nanoscale grains rotate and slide 

against each other13,66,68,123, the total load accommodation from this mechanism is limited. Instead, 

sub-surface cracking becomes the prominent energy dissipation mechanism during Vickers 

hardness tests. Hence, indentations were cross-sectioned using focused ion beam (FIB) milling to 

reveal crack geometries beneath the surface to elucidate the differences in hardness trends for S-

ZAO and E-ZAO, especially at small grain sizes. For proper comparison, secondary electron 

images were captured of cross-sectioned indentations from the quasi-stoichiometric at grain sizes 

before and after the Hall-Petch inversion for S-ZAO, and at a comparable small grain size for E-

ZAO.  

Figure 3.4 shows the aforementioned cross-sections where all samples present a network 

of sub-surface cracks which indicate load energy accommodation as in the quasi-plasticity 

model24,26. The density of cracks apparently reduces as the grain sizes increase in both S-ZAO and 
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E-ZAO, suggesting differences in the energy absorption mechanisms for large and small-grained 

samples, which is consistent with previous reports26,33,70,124. Long lateral cracks are present at small 

grain sizes in S-ZAO (S-H12 and S-H15). Similar lateral cracks are found, to a lesser extent, at 

large grain sizes in S-ZAO (S-H34 and S-H48). These types of cracks called lateral vents result 

from intense residual stresses introduced by material relaxation during the unloading stage of 

microindentation125. Yang et al. concluded that lateral vents are intergranular in zinc aluminate26, 

which suggests that indentation stresses are relieved through fracturing of weak grain boundary 

networks in this case. E-ZAO samples with small grain sizes (E-H12) exhibit limited lateral vents, 

and a crack pattern more similar to that of S-H48. The second type of cracking mechanism found 

in these samples is the median vent which Lawn and Wilshaw define as stable cracks that form 

along the indenter plane during the loading cycle125. A median vent is clearly observed for S-H48 

but is not found at smaller grain sizes in S-ZAO. Interestingly, median vents are persistent for E-

ZAO across the studied grain sizes. For reference, indentation cross-sections obtained by Yang et 

al.26 (who reported absence of the inverse Hall Petch relation) were added to the figure. Unlike the 

quasi-stoichiometric case, the shift in cracking pattern from large to small grain sizes is not as 

pronounced in E-ZAO. 
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Figure 3.4: Secondary electron images of ion milled cross-sections under Vickers indentations 

for S-H15, S-H48, and E-H12. Also included is a ZnAl2O4 cross-sections imaged by Yang et al. 

Lateral vents exist in stoichiometric sample S-H15, and to a lesser extent in S-H48. On the other 

hand, Al-rich samples only exhibit lateral vents at small grain sizes. Median vents are present in 

all Al-rich samples, but only in the larger-grained stoichiometric samples (S-H48). 

 

The collection of data suggests the Al excess is altering the fracture behavior, resulting in 

increased hardness. This could be explained by grain boundary stabilization, as reported by Hu et 

al. in metal alloys110. This concept has been brought up particularly in Ni-Mo alloys and shows 

that segregation of elements to grain boundaries can delay the inverse Hall-Petch relation by 

reducing their excess energies (local bond strengthening) and ability to slide via pinning. Although 

grain boundary sliding is reduced at room temperature in ceramics, excess Al could enhance grain 

boundary toughness thus reducing lateral vents and postponing the Hall-Petch breakdown. 

 

3.4: Discussion 

This study provides evidence that an Al excess in zinc aluminate is responsible for 

postponing the onset of the Hall-Petch inversion to smaller grain sizes, and even suggests that prior 

work in which the inverse Hall-Petch is not observed may be explained by this concept24,26,34. 

Because lateral vents result from intense residual stresses caused by unloading the indenter107, their 

presence in quasi-stoichiometric zinc aluminate provides some insight into the behavior of the 

plastic zone of deformation during indentation. This would imply that Al-rich samples can better 
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accommodate these residual stresses. A possible explanation for this is the localization of the 

excess Al similar to ionic dopants which can pin the movement of grain boundaries in grain growth 

experiments at elevated temperatures, either by kinetics or thermodynamics50–53,63. Chiang and 

Kingery have shown that excess Al can impact the coarsening behavior of non-stoichiometric 

magnesium aluminate by modifying grain boundary chemistries95,96. The change in load 

accommodation at room temperature observed here is somehow equivalent to recent works on 

dopant-engineered grain boundaries in metals59,60,126 and ceramics64. In ceramics, La-doped YSZ 

shows increased toughness64. 

Hardening by Al enrichment is also evident by the degree of spallation or chipping 

occurring during the Vickers indentation tests in samples of both stoichiometries. As mentioned, 

all samples were indented with a relatively small load (40 gf) in this study to limit spallation in 

quasi-stoichiometric zinc aluminate. Spallation was not present to the same extent in Al-rich 

samples from this study, and was not reported in the study performed by Yang et al.26 It is known 

that spallation or chipping directly results from lateral vents underneath indentations13,107,125, so 

the spallation in quasi-stoichiometric samples is consistent with the sub-surface crack patterns. 

The hypothesis that an Al excess is affecting grain boundary load accommodation capacity 

is aligned with a recent study by Ratzker et al. on the plastic deformation mechanisms in 

nanocrystalline magnesium aluminate undergoing Vickers hardness testing13. Ratzker et al. found 

evidence that indenter strain in nanocrystalline magnesium aluminate is accommodated by a 

combination of dislocation motion and grain boundary plasticity (e.g., rotation and sliding)13. This 

agrees with the model developed by Sheinerman et al.124 for grain size hardening in nanocrystalline 

ceramics which claims that grain boundary sliding activation energy dictates the onset of the 

inverse Hall-Petch relation. The yield strength for deformation by grain boundary sliding is defined 

here as: 

𝜎𝜎𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑀𝑀
𝑏𝑏3

(𝛥𝛥𝛥𝛥
𝑁𝑁𝐴𝐴

+ 𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇
𝛾𝛾𝛾̇𝛾
3𝑏𝑏𝑣𝑣𝐷𝐷

)  (3.2) 

where 𝛥𝛥𝛥𝛥 is the activation energy for grain boundary sliding, 𝑣𝑣𝐷𝐷 is the Debye frequency, 𝑏𝑏 is the 

interatomic distance, 𝑁𝑁𝐴𝐴 is Avogadro’s number, 𝑘𝑘𝐵𝐵 is Boltzmann’s constant, 𝛾̇𝛾 is the shear strain 

rate, and 𝐷𝐷 is the grain size. Dislocation slip is described by the traditional Hall-Petch relationship 

in Equation 3.1. This model predicts that a Hall-Petch inversion begins when most grains in the 

system deform by grain boundary sliding instead of dislocation slip; hence, the parameter ΔF is 

key to determining a material’s grain size hardening behavior. We applied this model to the zinc 
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aluminate data from this study assuming values of 𝛾̇𝛾 = 10-3 s-1 and 𝑏𝑏 = 0.286 nm109,124. To better 

illustrate the extended Hall-Petch relationship in E-ZAO, S-ZAO samples before the Hall-Petch 

inversion were combined with E-ZAO to estimate the Hall-Petch parameters (𝜎𝜎0 = 16.3 GPa, 𝑘𝑘 = 

10.6 GPa∙nm0.5) for the fit as shown in Figure 3.5. 

 

Figure 3.5: Vickers hardness plotted in Hall-Petch form for all S-ZAO (black) and E-ZAO 

(blue) samples along with their fits (dashed lines) according to the Sheinerman et al. model. 

Samples sintered using deformable-punch spark plasma sintering are denoted in hollow symbols. 

The model estimates a grain boundary sliding activation energy of 112.1 and 114.4 kJ/mol for S-

ZAO and E-ZAO, respectively. 

 

According to the model, S-ZAO exhibits a Hall-Petch breakdown at a grain size of 21.8 

nm with a maximum hardness of 18.6 GPa while E-ZAO does not show an inversion until a grain 

size of 12.8 nm. The activation energies for grain boundary sliding are 112.1 and 114.4 kJ/mol for 
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S-ZAO and E-ZAO, respectively. The fit agrees well with our experimental data and suggests that 

Al excess increases 𝛥𝛥𝛥𝛥 by 2.3 kJ/mol ultimately leading to an extension of the Hall-Petch 

relationship to smaller grain sizes in E-ZAO. Using the same model to fit data from Yang et al. for 

zinc aluminate, an activation energy of 120.2 kJ/mol was achieved. This is consistent with the 

significantly extended Hall-Petch relation observed by Yang et al. and supports the idea that the 

sample was likely rich in Al. 

Although some limited grain boundary sliding and rotation has been experimentally 

observed in nanoceramics13,66, grain boundary shearing and fracture are likely more relevant load 

accommodation mechanisms in nanoceramics26,33,70, as described by the quasi-plasticity model. 

Sheinerman et al.’s derivation of Equation 3.2 does not disqualify the interpretation of ΔF (named 

activation energy for grain boundary sliding) as being the activation energy for grain boundary 

“shearing” or even “fracture initiation”. This interpretation would make more physical sense 

without compromising the model itself. The crack patterns observed underneath indentations 

provide further evidence for grain boundary shearing and fracture as the cause of the Hall-Petch 

inversion in zinc aluminate. 

Figure 3.6 juxtaposes the models fitted using the Sheinerman et al. study with the sub-

surface crack patterns observed with SEM. This figure highlights the idea that the postponed Hall-

Petch inversion in E-ZAO stems from the distinct shift in crack pattern: small-grained E-ZAO 

samples crack more similar to large-grained S-ZAO (mode II) than small-grained E-ZAO (mode 

III). The decrease in lateral vents in E-ZAO suggests that excess Al is effective in strengthening 

zinc aluminate grain boundaries to prevent shear and fracture which is manifested macroscopically 

as increased hardness. 
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Figure 3.6: (I) Indentation cross-section exhibiting only a median vent found only in E-

ZAO (II) cracking pattern featuring limited lateral vents, and a median vent which was found in 

large-grained S-ZAO and small-grained E-ZAO, and (III) pattern observed in small-grained S-

ZAO with lateral vents extending through the entirety of the cross-section. S-ZAO transitions 

from mode (II) cracking to mode (III) with decreasing grain size while E-ZAO instead moves 

from mode (I) to mode (II). 

 

The positive results in improving hardness by Al enrichment in zinc aluminate could 

provide a better alternative to the recent usage of rare-earths as dopants to improve the mechanics 

of nanoceramics64. In addition to the cost associated with the addition of rare-earth elements to the 

system, a further complication with rare-earth doping in spinel materials is the propensity for the 

rare-earth oxide to form a second phase as reported by Hasan et al. in magnesium aluminate50. The 

spinel structure is known for its ability to accommodate significant deviations from stoichiometry: 

single phases have been reported in magnesium aluminate for deviations as large as 1.84:1 and 

3.00:1 Al:Mg, or MgAl1.84O4 and MgAl3.0O4 respectively102. Zinc aluminate has exhibited a similar 

ability to incorporate excess Al in the lattice without second phase formation: Areán et al. 

synthesized single-phase bulk ceramics at Al:Zn ratios of 2:1, 4:1, and 8:1 (ZnAl4.00O4, ZnAl8.00O4, 

and ZnAl16.00O4)127. Yang et al. show this is also possible in nanocrystalline zinc aluminate by 

synthesizing ZnAl2.40O4 118, opening a great perspective for further studies. 
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3.5: Conclusions 

The present work serves as evidence that Al excess can extend the normal Hall-Petch 

relationship to smaller grain sizes in zinc aluminate spinel. While the inverse Hall-Petch relation 

was observed at a grain size of 21.4 nm for quasi-stoichiometric zinc aluminate, Al-rich samples 

exhibited improved hardening to a grain size of 12.6 nm as demonstrated by Vickers hardness 

tests. Analysis of sub-surface cracking showed that Al enrichment altered the cracking patterns 

formed beneath Vickers indentations, representing a change in the total load accommodation; this 

is reflected by an increase in hardness in Al-rich zinc aluminate. The data indicates that grain 

boundaries are likely enriched with Al which improves grain boundary toughness by serving as a 

pinning agent for grain shearing, similar to reports for rare-earth doping. Data fitting suggests an 

increase in the activation energy for grain boundary shearing/fracturing, but further studies and 

superior models are required to confirm this. Altogether, the data demonstrates the composition of 

zinc aluminate spinel is critical for understanding the grain size dependence of its mechanical 

properties. Moreover, by contrasting DP-SPS and HP-SPS, we provide evidence that sintering 

technique has an insubstantial effect on the Hall-Petch inversion in nanocrystalline oxides. 
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Chapter 4: Y3+ Surface Segregation Promotes Coarsening Inhibition in 

Nanocrystalline Zinc Aluminate 

Abstract 

The thermal stability of zinc aluminate nanoparticles is critical for their application as 

catalyst supports. In this study, the stability of zinc aluminate nanoparticles was improved upon 

doping with 0.5 mol% Y2O3. The dopant was observed to segregate to 3the nanoparticle surfaces 

and effectively reduce excess energies while hindering coarsening. Atomistic simulations on a 4 

nm zinc aluminate nanoparticle provided the segregation potential of four dopants with varying 

ionic radii (Sc3+, In3+, Y3+, and Nd3+). Segregation energies were generally proportional to ionic 

radii, with Y3+ showing the highest potential for surfaces segregation. Direct measurements of 

surface thermodynamics indicated a decrease in average surface energy for doped zinc aluminate 

from 0.99 (undoped) to 0.85 J/m2 (doped). Further, diffusion coefficients calculated from the 

coarsening curves for both compositions at 850°C were 4.8 × 10-12 (undoped) and 2.5 × 10-12 cm2/s 

(doped) indicating coarsening inhibition results from a combination of a reduced driving force 

(surface energy reduction) and decreased atomic mobility. 

 

4.1: Introduction 

Zinc aluminate (ZnAl2O4) spinel is an excellent material to facilitate the catalysis of toluene 

degradation128,129, hydroformylation130,131, and hydrogenation130,132,133 due to its characteristically 

wide bandgap and high chemical and thermal stabililty130,134,135.  In the form of nanocrystals, if the 

support itself is the catalyst, the high specific surface area increases catalytic activity as the number 

of active sites directly scales with the available surface area. If zinc aluminate nanocrystals act as 

a support instead, the associated high surface areas are also beneficial as they assist in uniformly 

dispersing active metals.  

 However, the excess energies associated with the inherently high surface areas of 

nanocrystals give rise to processing challenges and limitations concerning operating temperatures. 

High surface energies lead to reduced activation energies for coarsening at the nanoscale136, 

enabling grain growth at lower temperatures. Kinetic approaches have often been used to limit 

coarsening in the nanocrystalline regime137, but surface thermodynamics also play a significant 

role in dictating the coarsening process47,138. Similar to other metal oxides, zinc aluminate 
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nanoparticles grow via Ostwald ripening139, where small particles evaporate/precipitate or diffuse 

onto larger ones to reduce the surface energy of the system by mean grain enlargement140–142. This 

growth mechanism is identified by its cube-root dependence on time, as shown in Equation 4.1: 

𝑅𝑅𝑡𝑡3 − 𝑅𝑅03 = 𝐾𝐾𝐾𝐾  (4.1) 

where  𝑅𝑅𝑡𝑡 is the mean particle radius at a given time 𝑡𝑡, 𝑅𝑅0 is the mean radius at the onset of growth, 

and 𝐾𝐾 is a rate constant that is directly proportional to the average particle surface energy and 

governing diffusion coefficient101. For systems that undergo Ostwald ripening, this relationship 

highlights the significance of surface energies on hindering coarsening, which becomes 

increasingly relevant at the nanoscale due to the substantial rise in surface area141. 

Krill et al. derived a model describing the systematic reduction of interfacial energies from 

dopant segregation based on the Gibbs adsorption isotherm, which can potentially be applied to 

improve thermodynamic stability at the nanoscale92,143. The model describes the relationship 

between interfacial energy and number of segregated species as shown in Equation 4.2: 

𝛾𝛾𝑠𝑠 = 𝛾𝛾𝑠𝑠0 − 𝛤𝛤𝐵𝐵(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑋𝑋𝐵𝐵 − 𝛥𝛥𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠) (4.2) 

where 𝛾𝛾𝑠𝑠 is the surface energy of the doped material, 𝛾𝛾𝑠𝑠0 represents the surface energy of the 

undoped material, 𝛤𝛤𝐵𝐵 is the solute excess at the interface, 𝑋𝑋𝐵𝐵 is the concentration of the dopant, 

and 𝛥𝛥𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 is the enthalpy of segregation of the dopant to the surface85. The relationship highlights 

the idea that dopants with spontaneous segregation enthalpies reduce the surface energy, hence 

decreasing the driving force for coarsening. 

 Exploiting this concept, Hasan et al. observed limited grain growth in rare-earth doped 

magnesium aluminate, a material isostructural with zinc aluminate. After calcination at 1000°C, 

the specific surface area for La-doped magnesium aluminate remained ~50% larger than that of 

the undoped sample104. Surface energy measurements revealed a reduction of ~0.3 J/m2 in the 

doped samples, attributed to the ion surface segregation. Similar studies have not been performed 

on zinc aluminate, but Yang et al. did show evidence of grain growth inhibition in Al-rich zinc 

aluminate nanoparticles as compared to the stoichiometric system118. Since excess Al has 

commonly been found to accumulate at spinel interfaces95–97, the shift in zinc aluminate growth 

kinetics suggests dopant segregation may induce a similar effect. 
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 In this work, we study the effect of four different dopants [Sc3+ (74.5 pm), In3+  (80.0 pm), 

Y3+ (90.0 pm), and Nd3+ (98.3 pm)] on the surface thermodynamics and stability of zinc aluminate 

nanoparticles. All dopants are isovalent with Al3+ but span a range of ionic radii to systematically 

assess the effects of the elastic strain energies (due to the size mismatch with Al3+) on the surface 

energetics. Atomistic simulations on a 4 nm nanoparticle computed a realistic particulate system 

and consistently showed the preferential Y3+ segregation to surfaces when substituting for Al3+ 

ions. 

Experimental data on surface energies measured by water adsorption microcalorimetry 

confirmed the trends from simulations, demonstrating reduced surface energies caused by Y-

doping. Coarsening studies further demonstrated the improved stability of Y-doped zinc aluminate, 

with the nanoparticles exhibiting reduced grain growth compared to their undoped counterparts. 

Fitting the data with the Ostwald ripening model led to an enriched understanding of the 

interdependence between thermodynamic and kinetic effects of the doping. 

The results imply that nanoparticle morphology can be tailored by introducing a solute 

excess at the surface and indicate atomistic simulations can have a significant role in the design of 

stable nano-catalysts. 
 

4.2: Methods and Experimental Procedures 

4.2.1: Atomistic simulations on a 4 nm nanoparticle 

The relative segregation potentials of four dopants (Sc3+, In3+, Y3+, Nd3+) to zinc aluminate 

surfaces were investigated using molecular dynamics simulations on a 4 nm (3427 atom) 

nanoparticle. The particle was built by adjusting a replicated zinc aluminate unit cell while 

maintaining a net zero charge across the particle. Visualization of the structure was done in 

OVITO144, while all calculations were performed with LAMMPS145 using Buckingham pair 

potentials to estimate short-range interactions as represented by Equation 4.3: 

𝐸𝐸 = 𝐴𝐴𝑒𝑒−𝑟𝑟/𝜌𝜌 − 𝐶𝐶
𝑟𝑟6

 (4.3) 

where 𝐴𝐴, 𝜌𝜌, and 𝐶𝐶 are coefficients unique to each atom pair, 𝐸𝐸 is the potential energy between a 

pair of atoms, and 𝑟𝑟 is the interatomic distance146. Buckingham coefficients for all atom pairs used 

in this study are included in Table 4.1 below: 
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Atom Pair A (eV) ρ (Å) C (eVÅ6) Reference 

O2—O2- 9548.0 0.2192 32.0 Grimes et al.147 

O2—Zn2+ 529.7 0.3581 0 Grimes et al.147 

O2—Al3+ 1725.2 0.2897 0 Grimes et al.147 

O2—In3+ 1495.7 0.3327 4.3 Grimes et al.147 

O2—Y3+ 1766.4 0.3385 19.4 Grimes et al.147 

O2—Sc3+ 1575.9 0.3211 0 Busker et al.148 

O2—Nd3+ 3300.1 0.2868 0 Migliorati et al.149 

Table 4.1: Buckingham pair potentials used for each cation-oxygen (derived by Grimes et al.147, 

Busker et al.148, and Migliorati et al.) pair in the study. All other interactions were taken to be 

zero, as assumed by Hasan et al. in previous work on magnesium aluminate50. 

 

 The resultant nanoparticle was annealed at 1273 K for 4 ns followed by slow quenching to 

approximately 0 K. After minimizing the quenched structure, its surface energy was calculated as 

the difference between the potential energy of the nanoparticle and the potential energy of a bulk 

structure with the same number of atoms as in Equation 4.4. 

𝛾𝛾𝑠𝑠0,𝑀𝑀𝑀𝑀 = 1
𝐴𝐴

(𝐸𝐸𝑁𝑁𝑁𝑁 − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏) (4.4)  

Here 𝛾𝛾𝑠𝑠0,𝑀𝑀𝑀𝑀 is the surface energy of the undoped 4 nm nanoparticle, 𝐴𝐴 is the surface area 

of the nanoparticle, and 𝐸𝐸𝑁𝑁𝑁𝑁 and 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are the potential energies of the nanoparticle and bulk 

structure with the same number of atoms50. 

 A methodology similar to that proposed by Hasan et al. was used to determine the 

segregation potential for each dopant in this system. The method operates under the assumption 

that the lowest energy defect involves trivalent dopants substituting for Al3+ atoms50. Therefore, a 

series of dopant substitutions was performed on the nanoparticle where one dopant atom is 

substituted into every Al3+ site followed by an energy minimization50. Segregation energies were 

estimated for each surface site in the nanoparticle by taking the difference in potential energy 

between a substitution in the bulk and the substitution at every surface site (defined as 1 Å in 

thickness from the vacuum). The average of the surface segregation energies was taken to represent 

the surface segregation energy (𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠) of each dopant in the zinc aluminate nanoparticle since the 
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experimental system involves dopant concentrations beyond the dilute limit: 10-25% of trivalent 

surface sites will be occupied by Y3+ depending on the particle size. 

Surface energies were then calculated for 4 nm zinc aluminate nanoparticles doped in 

quantities equivalent to experimental systems using Equation 4.5: 

𝛾𝛾𝑠𝑠,𝑀𝑀𝑀𝑀 = 𝛾𝛾𝑠𝑠0,𝑀𝑀𝑀𝑀 − (𝑛𝑛
𝐴𝐴

)𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 (4.5) 

where 𝛾𝛾𝑠𝑠,𝑀𝑀𝑀𝑀 is the surface energy of the doped nanoparticle, 𝑛𝑛 is the number of dopants in the 

system (approximately 0.5 mol% Y2O3) 𝐴𝐴 is the surface area of the nanoparticle, and 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 is the 

segregation energy of each dopant. Surface energies calculated from simulations cannot be directly 

compared due to experimentally measured values due to the complex defect chemistry not 

considered here (e.g., spinel site inversion, kinetically driven self-segregation within the particle 

originating from the space charge layer, local dipole effects of Y2O3 complexes, etc.). Nonetheless, 

the trends in segregation energies provide useful information on the relative stabilities of the four 

dopants in zinc aluminate. 

 

4.2.2: Synthesis and nanopowder characterization 

Y-doped (YZAO) and undoped (ZAO) zinc aluminate nanoparticles were synthesized via 

a modified co-precipitation route26,118,150,151. Prior to synthesis, water contents were measured for 

each nitrate precursor to ensure stoichiometric ratios were maintained. Zn(NO3)2·6H2O and 

Al(NO3)3·9H2O (Sigma Aldrich, >98%) were dissolved in deionized water in the metal 

stoichiometric molar ratio of 1:2. Hydroxides were precipitated using a 2 mol/L aqueous ammonia 

solution under a constant pH of 8.75 to inhibit the formation of Zn(NH3)42+: precipitation of this 

complex limits the number of Zn2+ ions in the solution leading to an Al-rich 

environment26,118,150,151. Precipitates were washed three times with ethanol and dried in an oven at 

80°C for 48 hours. In the case of Y-doped zinc aluminate (YZAO), Y(NO3)3·6H2O (Sigma 

Aldrich, >98%) was also dissolved in the nitrate precursor solution to give 0.5 mol% Y2O3. Upon 

drying, the hydroxide precipitates were ground into fine powders and calcined in a Thermo 

Scientific Lindberg/Blue M (Thermo Fisher Scientific Inc., Waltham, MA) box furnace at 550°C 

for 4 hours. Calcination temperatures were chosen to ensure complete crystallization while limiting 

grain growth26,118,152.  
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Phase analysis and crystallite size measurements were performed on both sets of powders 

using x-ray diffraction (XRD) on a Bruker D8 (Bruker, Billerica, MA) operated at 40 kV, 40 mA 

(CuKα radiation, λ=1.5406 Å). The crystallite size estimation tool in the Match! (Crystal Impact, 

Bonn, Germany) software along with reference pattern #96-900-7021 (Levy et al.153) were used to 

measure crystallite sizes for all x-ray analysis in this work. 

As-synthesized powders were imaged using scanning transmission electron microscopy 

(STEM) on a JEOL-ARM300F Grand ARM (JEOL, Peabody, MA) to validate crystallite size 

measurements from XRD. Elemental mapping was performed on coarsened YZAO nanoparticles 

(900°C, 1 hour) using electron energy loss spectroscopy (EELS) to confirm Y3+ segregation to 

surfaces.  

ZAO and YZAO powders were also analyzed by electron microprobe analysis (EMPA) 

with a Cameca SX-100 (Cameca, Gennevulliers, France) to compare Al:Zn ratios. Scans were 

taken at 10 different points on each sample and averaged to give Al:Zn ratios of 2.16 (±0.14) and 

2.11 (±0.06) for ZAO and YZAO, respectively. These results confirmed that cationic ratios of both 

powders were within error of one another. 

It has been well-documented that materials rich in Zn readily form carbonate species with 

CO2 and moisture in air154,155. Such species could potentially impact nanoparticle coarsening 

behaviors (e.g., by pinning interfaces), so Fourier transform infrared spectroscopy (FTIR) was 

performed using a Bruker Tensor 27 (Bruker, Billerica, MA) to screen particles for Zn-rich 

carbonates prior to coarsening. Samples were compared to a reference pattern for zinc carbonate. 

 

4.2.3: Coarsening experiments 

Before subjecting powders to coarsening experiments, each powder was cleaned in a box 

furnace (700°C, 4 hours, O2 environment) to remove residual carbonate species which could 

potentially affect the results. All coarsening experiments were performed within 12 hours of 

cleaning with powders being stored in a desiccator to prevent readsorption of carbonate species. 

Powders were coarsened at two temperatures, 850°C and 950°C, in a Lindberg/Blue M 

(Thermo Fisher Scientific Inc., Waltham, MA) tube furnace for 0.5 min, 1 min, 5 min, 15, min 30 

min, 60 min, 120 min, and 240 min to study the effects of Y-doping on zinc aluminate’s Ostwald 

ripening behavior. Limited grain growth was observed due to the moderate temperatures, so all 
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grain sizes in this study were able to be measured using XRD and microstructures confirmed with 

electron microscopy. 

 

4.2.4: Surface energy measurements 

Surface stability was evaluated for ZAO and YZAO nanoparticles (cleaned at 700°C for 4 

hours under O2) by comparing surface energies measured by water adsorption 

microcalorimetry98,156–159. This technique is comprised of a water vapor dosing system (3Flex, 

Micromeritics Instrument Corp., Norcross GA) attached to a differential scanning calorimeter 

(Sensys Evo, Setaram Inc., France). After degassing at 400°C for 16 hours and a subsequent series 

of three O2 and vacuum cycles to ensure particle surfaces are rid of any adsorbed carbonate species, 

samples are dosed in the 3Flex with controlled amounts of water vapor (one µmol) until surfaces 

are fully saturated with water. While this is happening, the calorimeter records a series of peaks 

associated with water adsorption occurring with each individual dose; when taken together with 

the adsorption isotherm from the 3Flex, surface energies can be calculated using thermodynamic 

models developed by Castro and Quach158. 

In this study, approximately 20 mg of ZAO and YZAO powders (previously degassed at 

700°C for 4 hours under an O2 environment in addition to the degassing described above) were 

analyzed by water adsorption microcalorimetry to calculate average surface energies. 

 

4.3: Results and Discussion 

4.3.1: Dopant selection using simulations 

Molecular dynamics (MD) simulations were used to compare the surface segregation 

potentials of four candidate dopants (Sc3+, In3+, Y3+, and Nd3+) in zinc aluminate. A 4 nm 

nanoparticle of undoped zinc aluminate was initially built and annealed at 1273 K for 4 ns where 

it developed specific facets as highlighted in Figure 4.1. The predominant surfaces were (100) and 

(111), which was expected since those have previously been identified as the lowest energy 

surfaces in other spinel oxides160–162. 
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Figure 4.1: Different angles of the 4 nm zinc aluminate nanoparticle with Zn2+, Al3+, and 

O2- represented in blue, red, and yellow, respecitvely. Dashed lines highlight (a) (100) and (b) 

(111) surfaces that developed from annealing at 1273 K for 4 ns. Inset images show reference 

structures of each of the planes. A surface mesh generated in OVITO144 is overlaid on the 

nanoparticle. 

 

 The nanoparticle in Figure 4.1 was then used as the starting point for simulations 

concerning dopant segregation. Al3+ ions were replaced by dopants one at a time starting from the 

center of the particle and the energy was minimized after each replacement step. Figure 4.2 

summarizes the results where all four dopants were found to have positive segregation energies 

between 0.3-3 eV per dopant atom. These energies are comparable to those calculated by Hasan 

et al. for magnesium aluminate using two planar surfaces50. The positive segregation energies 

indicate zinc aluminate nanoparticles are in a lower energy state when dopants substitute at surface 

sites as opposed to the bulk, predicting that during synthesis, these dopants would likely undergo 

surface segregation. Y3+ had the highest segregation energy of all dopants considered at 2.78 eV 

with a corresponding surface energy (assuming 0.5 mol% Y2O3) of 1.50 J/m2, about 0.04 J/m2 

lower than that of the undoped nanoparticle. 
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Figure 4.2: (a) Segregation energies for Sc3+, In3+, Y3+, and Nd3+ in zinc aluminate calculated 

using molecular dynamics simulations on a 4 nm nanoparticle. Energies are binned by distance 

from the center the particle. (b) Segregation (squares) and surface (circles) energies plotted 

against ionic radii for each dopant as well as Al3+ for the undoped case. A Y2O3 concentration of 

0.5 mol%, was used to estimate surface energies. Surface energies decrease as dopant ionic 

radius increases with a breakdown in this trend (area shaded in grey) as ionic radii approach that 

of Nd3+. 

 

In general, the decrease in surface energies is attributed to dopants satisfying bonds within 

the surface region due to their relatively large ionic radii. This ionic size mismatch is also 

responsible for the segregation itself, since larger ions would show elevated elastic strain in the 

lattice50. Unlike previous studies50, the proportionality between the segregation energy and the 

ionic radius broke down for the largest studied ion, Nd3+, which showed the lowest segregation 

energy. No such breakdown has been reported in computational or experimental studies on 

interfacial segregation of dopants prior to this. The limited surface segregation for Nd3+ compared 

to Y3+ can be explained by comparing the nearest neighbors for both dopants in the bulk. Y3+ and 

Nd3+ have the same coordination in the bulk where both are surrounded by six O2- nearest 

neighbors, however, the nearest neighbors are ~0.1 Å closer to Nd3+ atoms than Y3+ atoms. This 

decrease in nearest neighbor distance for Nd3+ leads to enhanced stability in the bulk compared to 

Y3+ which limits surface segregation. This change in nearest neighbor distance is likely due to the 

complex unique f orbital behavior found in Nd3+ which reportedly leads to a seven-fold 

coordination in neodymium oxide163. 
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The molecular dynamics studies also provide key insight into the local environments that 

support the excess elastic strain caused by doping zinc aluminate with Y3+. Figure 4.3 shows two 

angles of the 4 nm zinc aluminate nanoparticle with a surface mesh color coded to represent the 

segregation energy of Y3+ the nearest trivalent sites. Figure 4.3a denotes a (100) facet that 

developed during the annealing and quenching process; the red coloring that spans the entire facet 

indicates low segregation energies (1-1.8 eV) of Y3+. In fact, low segregation energies for highly 

ordered sites are found throughout the particle: Figure 4.3b shows another (100) facet where 

trivalent sites show low energies (e.g., site (ii)). 

Figure 4.3: Two angles of the 4 nm zinc aluminate particle with a color gradient representing the 

segregation energies of Y3+ to trivalent surface sites. (a) Depicts a dashed (100) surface plane 

with relatively high segregation energies while (b) shows three Al3+ sites with distinct energies: 

(i) 3.02 eV, (ii) 1.61 eV, and (iii) 5.97 eV where sites (i) and (ii) lie in a (100) facet. 

 

Upon further examination of the facet in Figure 4.3b, we find a higher spread of energies 

in this facet. Sites (i) and (ii) are near the same facet and are surrounded by similar local 

environments but have segregation energies of 3.02 eV and 1.61 eV, respectively. This energy 

difference between similar sites highlights the role of nearest neighbor coordination on dopant 

segregation energies: the O2- atoms neighboring site (ii) are highly coordinated relative to those in 

site (i) due to being near the center of a facet, thus causing more elastic strain on Y3+. This is even 

more apparent in site (iii) which has a lower coordination than the other two sites (only three O2- 

atoms on the surface) which results in a segregation energy of 5.97 eV. 
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 This relationship between segregation energies and relative positions of sites on the surface 

(e.g., proximity to facets and nearest neighbor coordination) predicts that Y3+ will preferentially 

segregate to sites with lower coordination. This idea has been proposed in literature64 and is 

consistent with the fact that nanoparticles show higher energies at edges and corners as 

demonstrated by Hummer et al. for titanium oxide164. These effects tend to decrease at particle 

sizes larger than ~7 nm. This suggests that the segregation trends predicted by molecular dynamics 

here may break down as facets develop in zinc aluminate nanoparticles, i.e., as grains enlarge and 

edge contributions to surfaces are minimized. Larger particles are however challenging to simulate 

and beyond the scope of this work. 

 

4.3.2: Synthesis and coarsening study 

Based on the segregation behaviors in atomistic simulations, Y3+ was identified as the most 

likely dopant to segregate in zinc aluminate and selected for the subsequent experimental work. 

X-ray diffraction patterns (Figure 4.4) of undoped (ZAO) and Y-doped (YZAO) zinc aluminate 

nanoparticles synthesized by co-precipitation and calcined at 550°C revealed both sets of powders 

consisted of a single spinel phase with crystallite sizes of 5.9 nm and 6.5 nm, respectively. These 

results were consistent with TEM images of both sets of nanoparticles also shown in Figure 4.4. 
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Figure 4.4: (a) X-ray diffraction patterns of ZAO (black) and YZAO (green) nanoparticles 

calcined at 550°C for 4 hours along with reference pattern #96-900-7021 from Levy et al.153, (b) 

bright field transmission electron microscopy (TEM) images taken of ZAO nanoparticles, and (c) 

YZAO nanoparticles. XRD peaks and TEM images both confirm particles exhibit a single spinel 

phase along with uniform crystallite sizes in the nanoscale. 

 

 Since zinc and yttrium are likely to form stable carbonate structures, both doped and 

undoped nanoparticles were screened for carbonate species using FTIR prior to the coarsening 

studies. ZAO and YZAO prepared at 550°C and 700°C (under O2) for 4 hours were compared to 

a zinc carbonate standard. Figure 4.5 shows that both ZAO and YZAO contain zinc carbonate 

peaks around 1480 and 135 cm-1 when calcined at 550°C. The broad peak around 1630-1650 cm-

1 in both patterns is attributed to the vibration of adsorbed water165. Each of the three peaks are 

absent in ZAO cleaned at 700°C, confirming these conditions are appropriate for removing zinc 

carbonates in zinc aluminate. Although YZAO cleaned at 700°C did show two broad peaks at 

lower wavenumbers, the shift in peak positions indicates these carbonates are more weakly bound 

compared to those in the 550°C sample and of a different nature, i.e., likely readsorbed from 
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atmospheric CO2 during the transferring of the samples from the furnace to the FTIR166. Because 

they are loosely bound, such carbonates should have a negligible effect on coarsening and water 

adsorption studies as we assume the exposure to elevated temperatures (850°C and 900°C in 

coarsening experiments and degassing at 400°C for 16 hours) for even short times should 

effectively remove these species. 

Figure 4.5: FTIR scans of (a) ZAO calcined at 550°C for 4 hours, ZAO cleaned at 700°C under 

O2 flow for 4 hours, and a zinc carbonate standard along with (b) YZAO prepared at the same 

two conditions. Zinc carbonate shows two characteristic peaks around wavenumbers 1481 and 

1385 cm-1 which are also present in ZAO and YZAO calcined at 550°C. A broader peak from 

1630-1650 cm-1 was also found in both sets of powders at 550°C as a result of vibrations from 

water adsorbed to particle surfaces165. Upon cleaning, these peaks are eliminated in ZAO; 

however, broader peaks at lower wavenumbers (1454 and 1345 cm-1) are found in YZAO, 

suggesting carbonates are partially removed and more loosely-bound relative to those present at 

550°C166. 

 

ZAO and YZAO nanoparticles were coarsened at 850°C and 900°C for up to 4 hours to 

analyze the effects of doping on coarsening. ZAO and YZAO crystallite sizes were measured at 

13.0 nm and 13.3 nm, respectively, after cleaning. All curves showed a typical coarsening pattern, 

with fast grain enlargement in early stages of coarsening and a plateau at longer times which is 

dependent on temperature and composition. As shown in Figure 4.6, ZAO nanoparticles coarsened 

to an average diameter of 24.5 nm when subjected to a temperature of 850°C for 4 hours while 

YZAO only grew to 19.0 nm. Similar trends were observed at 900°C where ZAO underwent more 

growth (29.8 nm) than YZAO (22.6 nm) at 4 hours. The coarsening curves at both temperatures 
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show a clear difference in growth behaviors for doped and undoped nanoparticles where YZAO 

particles undergo limited growth, potentially due to enhanced surface stability from Y3+ 

segregation as discussed further in the paper. 

Figure 4.6: Coarsening curves at (a) 850°C and (b) 900°C for clean ZAO and YZAO powders 

with crystallite sizes estimated using XRD. YZAO particles grow less than 1 nm between 2 and 

4 hours at 850°C while ZAO continues growing up until the 4-hour mark, with a similar trend 

found in data collected at 900°C. These results indicate doped nanoparticles undergo limited 

growth relative to their undoped counterparts which may be attributed to surface segregation of 

dopants. 

 

4.3.3: Surface stability characterization 

Anhydrous surface energies of clean ZAO and YZAO were measured using water 

adsorption microcalorimetry to understand the difference in coarsening behaviors and directly test 

the predicted reduction in surface energies. The method relies on using water as a probe for surface 

reactivity and utilizing thermodynamic models to correlate the heats of adsorption to the surface 

energies of the particles. Figure 4.7 shows the adsorption isotherm along with the enthalpies of 

water adsorption for ZAO and YZAO. In Figure 4.7a, a typical type-II isotherm demonstrates 

water molecules adsorbed strongly to surfaces as low pressures, consistent with a chemisorption 

process (i.e., dissociative) and a change in slope above a relative pressure of 0.05. As shown in the 

inset, Y-doped samples show slightly lower slopes, consistent with lower surface reactivities. As 

the adsorption progresses, the curves converge as water adsorption becomes more physical (i.e., 

without dissociation). The small step at 0.4 is an artificial inconsistency caused by an automatic 
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shift in the pressure gauge. Figure 4.7b shows the enthalpies of adsorption as a function of water 

coverage. For both samples, the water reactivity is high at low coverages, attributed to dissociation 

reactions, and decreases with increasing coverage. Generally, more exothermic heats at similar 

coverages are observed in ZAO compared to YZAO, indicating improved surface stability (less 

reactivity) of Y-doped zinc aluminate nanoparticles. 

Figure 4.7: (a) Adsorption isotherm and (b) enthalpies of adsorption as a function of surface 

coverage for both ZAO and YZAO nanoparticles obtained via water adsorption microcalorimetry 

with a dashed line at the heat of liquefaction of water (-44 kJ/mol)157. The dotted line indicates 

data that was neglected for surface energy measurements due to low (in magnitude) heats of 

adsorption resulting from a combination of heat effects. Lower (in magnitude) enthalpies of 

adsorption in YZAO imply enhanced surface stability upon doping. 

 

 After successive dosing, the enthalpies of water adsorption converged to the enthalpy of 

liquefaction of water which has a theoretical value of -44 kJ/mol157. In Figure 4.7, both ZAO and 

YZAO particles plateau at -44 kJ/mol between coverages of 10.5-12.5 mol H2O/nm2 but continue 

to decrease in magnitude past this point. This increase signals an additional endothermic reaction 

taking place throughout the process of physical adsorption of water, such as the formation of 

yttrium and zinc hydroxides on the surface which is thermodynamically favorable167,168. These 

additional processes convolute the heat effects at high coverages, making it difficult to determine 

the enthalpy of water adsorption. Because processes like hydroxide formation have relatively slow 

kinetics at room temperature and neutral pHs, we assume these reactions are negligible at low 

coverages and, therefore, both sets of data could be safely truncated prior to the endothermic event 
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at 12.5 H2O/nm2.This does not impact the surface energy calculations as detailed by Castro and 

Quach158 and later by Drazin and Castro157. Therefore, anhydrous surface energies were calculated 

for both samples using the thermodynamic model for water adsorption developed by Castro and 

Quach158. The method uses a thermodynamic description of the adsorption of water to the surfaces 

of particles. During the process, the free energy of the system is reduced as water adsorption 

progresses. If the bulk energy is unaffected by the adsorption process and one assumes negligible 

entropic and PV terms, the surface energy change can be calculated by: 

𝛾𝛾𝑆𝑆,𝜃𝜃 = 𝛾𝛾𝑠𝑠 + 𝜃𝜃 ∙ ∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎  (4.6) 

where ∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎 is the measured heat of adsorption, 𝛾𝛾𝑠𝑠 is the anhydrous surface energy, and 𝛾𝛾𝑆𝑆,𝜃𝜃 is 

the surface energy at a given surface coverage, 𝜃𝜃. To minimize the contributions from the chemical 

potential of water, the surface energy was assumed to be equivalent to the surface energy of liquid 

water, 0.072 J/m2, at the point where the heats of adsorption converged to -44 kJ/mol. Beyond this 

point, adsorption peaks represent water molecules adhering to layers of water on the surface157. By 

doing so, the heat of adsorption data was used to calculate the anhydrous surface energies of both 

sets of nanoparticles as with other nanocrystalline oxides98,100,156,158. 

 The calculations resulted in surface energies of 0.99 (±0.02) and 0.85 (±0.02) J/m2 for ZAO 

and YZAO, respectively. The decrease in measured surface energy for YZAO from that of ZAO 

suggests that surface stability is indeed enhanced by doping zinc aluminate with Y3+ which further 

supports the predictions from molecular dynamics simulations. Reported errors result from 

assuming a 0.15% uncertainty in relative pressures in addition to a 2% uncertainty in BET surface 

areas158. 

 As simulations indicate the cause for the reduced surface energies to be dopant segregation 

to the surfaces, EELS mapping was performed on coarsened YZAO particles to analyze the 

segregation behavior of Y3+. EELS maps and results from successive box scans on an individual 

Y-doped nanoparticle are included in Figure 4.8. Figure 4.8a shows the survey image, with 

Figure 4.8b indicating the box for the spectroscopic study. Due to its low concentration, it is 

difficult to visualize Y3+ in the EELS map, but it is apparent that Al3+ ions are accumulated near 

the vicinity of the surface as evident from the purple shade. This is supported by the results from 

the box scans which illustrate that there is Al3+ enrichment (represented in red) within 3 nm of the 

surface edge, corroborating previous reports of excess Al segregating to interfaces in Al-rich 
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spinels95,96,118. The box scans further reveal this region is depleted in Y3+, but as we move toward 

the surface edge, the spectrum detects a sharp increase in Y3+. This increase in Y3+ concentration 

coincides with lowering of Zn2+ and Al3+, further validating the claims of Y3+ segregation to zinc 

aluminate surfaces. It is interesting to observe that the defect chemistry involved in the segregation 

of Y3+ to the surface is significantly more complex than the molecular dynamics simulations. That 

is, the surface effect on ion distribution impacts a thickness of roughly 3 nm because of the 

redistribution of Al3+ and Y3+. The Zn2+ distribution remains mostly constant, suggesting Y3+ and 

Al3+ are sharing octahedral sites in the spinel structure. The large ionic radii of Y3+ atoms lead to 

large lattice strains which drive them toward the surfaces which forces Al3+ to redistribute 

accordingly. Despite the simplified defect chemistry, molecular dynamics effectively predicted the 

segregation of Y3+. 
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Figure 4.8: (a) Dark field TEM image of YZAO nanoparticles coarsened at 900°C for 1 hour, 

(b) elemental map of Zn (blue), Al (red), and Y (green) taken with EELS, and (c) normalized 

counts of each zinc aluminate cation measured by successive box scans across the region boxed 

in yellow. The EELS map indicates there are two layers near particle surfaces that contain 

different compositions than the bulk: approximately 3-6 nm away from the center of the particle, 

there is an increase in the Al content followed by a spike in Y at the surface. Al-enrichment near 

particle surfaces is also obvious in the colored map (b). 

 

4.3.4: Discussion 

Ostwald ripening theory states that particle growth follows a cubic time dependence with 

as outlined in Equation 4.1. The equation presents two main parameters to potentially control 

grain enlargement: the surface energy and diffusion coefficient. There is limited work focused on 

decoupling these components to provide a holistic understanding of coarsening control; to that 

end, each coarsening curve for doped and undoped zinc aluminate was plotted with a cubic 

dependence (Figure 4.9). 
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Figure 4.9: Coarsening data for both compositions at (a) 850°C and (b) 900°C plotted 

according to the Ostwald ripening equation101. A linear fit is overlayed on each set of data, 

although crystallite sizes deviate from this fit as particles grow. 

 

 At first glance, each set of data in Figure 4.9 reasonably fits a linear dependence with time; 

however, upon further inspection, the linear approximation overestimates crystallite sizes at short 

times (less than 5 minutes) and underestimates them at longer times. The fact that this crossover 

is present in all four curves suggests that either (1) the defining rate constant for Ostwald ripening 

changes throughout the coarsening process or (2) the growth mechanism transitions from Ostwald 

ripening to a slower mechanism (e.g., migration and coalescence) as particles enlarge. 

 Shifts in growth mechanisms involving Ostwald ripening have been reported in the past 

for metal nanoparticles140,169. Hansen et al. observed nickel nanoparticles in a magnesium 

aluminate matrix under a TEM where they noticed particle migration and coalescence even 13 

seconds after being exposed to elevated temperatures140. A transition in growth mechanisms is 

indicative of a change in the relative activation energies for two mechanisms; in the case of the 

nickel nanoparticles, the transition from Ostwald ripening to migration and coalescence is 

attributed to the severe decrease in vapor pressure as particle sizes increase140. Shifts away from 

Ostwald ripening are more likely in metals than ceramics: ceramic vapor pressures are much lower 

than in metals even at the nanoscale170, so ripening likely occurs via different transport 

mechanisms than in metals. Additionally, these types of transitions typically lead to sharp changes 

in slopes for plots of crystallite sizes over time169. The coarsening curves in Figure 4.6 instead 

show gradual changes in growth rate for both compositions at 850°C and 900°C which imply that 
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this shift in zinc aluminate growth behavior is unlikely to be due to a change in the dominant 

growth mechanism. Instead, the crossover in the Ostwald ripening curves could be attributed to a 

decrease in the rate constant throughout the growth process. This change could result from a 

reduced diffusion coefficient or a continuous decrease in surface energies as particles grow.  

For the purposes of comparing the effects of dopant segregation on the coarsening 

behaviors of doped and undoped zinc aluminate nanoparticles, we assume that changes in growth 

mechanisms and/or rate constants (i.e., surface energies) are negligible within the first five minutes 

of coarsening. Data before and at five minutes was used to calculate self-diffusion coefficients for 

both samples at 850°C and 900°C using a modified version of the Ostwald ripening rate constant 

developed by Lifshitz and Slyozov which assumes atmospheric air acts as an ideal gas: 

𝐾𝐾 = 8𝛾𝛾𝑠𝑠𝑃𝑃𝑉𝑉𝑚𝑚2𝐷𝐷
9𝑅𝑅2𝑇𝑇2

   (4.7) 

where 𝛾𝛾𝑠𝑠 is the surface energy, 𝑃𝑃 is the vapor pressure,  𝑉𝑉𝑚𝑚 is the molar volume, 𝐷𝐷 is the diffusion 

coefficient of the material,  𝑅𝑅 is the ideal gas constant, and 𝑇𝑇 is the temperature101. Although the 

ideal gas assumption is questionable at room temperature, these calculations still provide a basis 

for comparing the kinetics of Ostwald ripening in both zinc aluminate samples. Diffusion 

coefficients for ZAO and YZAO along with experimental and computational surface energies are 

summarized in Table 4.2. Diffusion coefficients calculated for both undoped and Y-doped zinc 

aluminate are on the order of 10-12 cm2/s which agrees well with diffusion coefficients calculated 

for other solids at similar temperatures171,172. Juxtaposing these values makes it evident that self-

diffusion is faster in undoped zinc aluminate than Y-doped zinc aluminate at both temperatures. 
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Dopant Content 𝜸𝜸𝒔𝒔 (J/m2) 𝜸𝜸𝒔𝒔,𝑴𝑴𝑴𝑴 (J/m2) D850°C (cm2/s) D900°C (cm2/s) 

Undoped 0.99 (±0.02) 1.55 4.8 × 10-12 10.1 × 10-12 

0.5 mol% Y2O3 0.85 (±0.02) 1.50 2.5 × 10-12 5.1 × 10-12 

Table 4.2: Surface energies and self-diffusion coefficients calculated for doped and undoped 

zinc aluminate nanoparticles. 

 

On an atomistic scale, a change in diffusion coefficient for YZAO represents a change in 

the rate-controlling defect for zinc aluminate self-diffusion. This defect can be identified 

experimentally by calculating activation energies for self-diffusion from coarsening studies and 

comparing with literature values for defect formation energies; however, the present coarsening 

studies were limited to two temperatures which would skew such calculations. Unfortunately, to 

the best of our knowledge, no work has been done to identify the defects dominating diffusion in 

zinc aluminate, but Ting and Lu found diffusion in magnesium aluminate to be controlled primarily 

by Schottky defects with the slowest diffusing species being oxygen vacancies102. Given that 

magnesium aluminate is isostructural with zinc aluminate (spinel), it is reasonable to assume defect 

formation energies in to be similar in both materials. Hence, the dominant defect reaction in zinc 

aluminate may be described by: 

𝛷𝛷 = 𝑉𝑉𝑍𝑍𝑍𝑍′′ + 2𝑉𝑉𝐴𝐴𝐴𝐴′′ + 4𝑉𝑉𝑂𝑂∙∙ (4.8) 

with oxygen vacancies being the rate-controlling species. This would corroborate the trends in 

diffusion coefficients between doped and undoped samples: because oxygen vacancies are 

positively charged defects, cationic dopants in zinc aluminate (e.g., Y3+) would prevent the 

formation of oxygen vacancies, thus hindering diffusion. Furthermore, the positive charge caused 

by excess Y3+ in the surface layer would need to be accommodated by negatively charged defects97. 

A candidate defect reaction is the delocalization of Al3+: 

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴× + 𝑌𝑌𝑖𝑖∙∙∙ → 𝑌𝑌𝐴𝐴𝐴𝐴× + 𝐴𝐴𝐴𝐴𝑖𝑖∙∙∙ (4.9)  

where this would likely be compensated by site inversion with the tetrahedral site, similar to 

magnesium aluminate97. Some accumulation of Al3+ is already found in the elemental maps in 

Figure 4.8, which supports the claim that this series of defects could be leading to the distinct 

diffusive properties in ZAO and YZAO. 
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4.4: Conclusions 

This work focused on the possibility of tailoring the growth behavior of zinc aluminate 

nanoparticles by tuning the thermochemistry of its surfaces. Molecular dynamics simulations 

indicated that among several trivalent dopants, Y3+ is the most likely to segregate to the surface of 

nanoparticles. Despite the assumptions made in the simulations, synthesized zinc aluminate doped 

with 0.5 mol% Y2O3 indeed showed excess Y3+ was located at particle surfaces along with a more 

complex distribution of ions near the surface regions. Al3+ ions were depleted from the surface 

edge but enriched in the immediate vicinity (within 3 nm of surfaces). Water adsorption 

microcalorimetry estimated a reduction in surface energy for doped samples consistent with the 

segregated Y3+. Coarsening studies demonstrated that doped (YZAO) and undoped (ZAO) zinc 

aluminate nanoparticles grow by Ostwald ripening, where YZAO exhibits resistance to coarsening 

compared to ZAO. This behavior results from a combination of a reduced driving force for 

coarsening and a decrease in diffusion coefficient. The latter likely stems from the unique 

chemistry in the surface regions which impedes the formation of the rate-limiting defect in zinc 

aluminate. The present work represents an important step toward controlling the coarsening 

behavior of nanoparticles to enable the design of stable catalytic materials. 
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Chapter 5: Enhanced Grain Boundary Stabilities in Y-Doped Zinc 

Aluminate 

Abstract 

The idea that ceramics exhibit elevated mechanical properties at the nanoscale has been 

shrouded in controversy, primarily due to conflicting reports of grain size hardening at small grain 

sizes. This study focuses on improving the stability of nanocrystalline zinc aluminate grain 

boundaries to better control and predict its mechanical behavior. Atomistic simulations on Σ3 and 

Σ9 grain boundaries showed that trivalent ions of varying ionic radii [Sc3+ (74.5 pm), In3+  (80.0 

pm), Y3+ (90.0 pm), and Nd3+ (98.3 pm)] tend to segregate to both interfaces, with Y3+ having the 

highest segregation potential. Average grain boundary energies were measured for nanoceramics 

fabricated by high-pressure spark plasma sintering using differential scanning calorimetry. The 

results revealed that doping zinc with Y3+ (at 0.5 mol% Y2O3) reduces the average grain boundary 

energy of zinc aluminate from 1.1-1.3 J/m2 to 0.6-0.8 J/m2. The noted decrease in interfacial 

energies for doped samples suggests it is indeed possible to alter the stability of zinc aluminate 

grain boundaries via dopant segregation and implies that the mechanical performance of doped 

samples will surpass that of undoped ones. 

 

5.1: Introduction 

Nanocrystalline ceramics exhibit elevated hardness and optical transparency that make 

them prime candidates for next-generation armored windows24,26,27,70. These properties combined 

with its relatively high thermal conductivity (20-25 W∙m-1∙K-1) make nanocrystalline zinc 

aluminate (ZnAl2O4) particularly interesting in environments with high temperature gradients, 

such as missile domes and laser gain media173. 

High hardness values around 20 GPa are consistently reported across this class of 

ceramics24,26,27,70, but deformation mechanics remain difficult to predict and are not well-

understood. For instance, the Hall-Petch relationship which defines grain size hardening has 

conflicting reports surrounding its breakdown at small grain sizes even within the same material 

system24,27,33. Additionally, there is limited knowledge of the fracture mechanics of nanocrystalline 

ceramics due to experimental limitations surrounding these measurements64,125,174. Researchers 

have recently begun to use grain boundary thermochemistry to elucidate the mechanical behavior 
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of these systems64,70. Nanomaterials inherently exist in metastable states due to the high excess 

energy contributed by their extensive network of grain boundaries. This excess energy can lead to 

significant coarsening during processing or operating steps as well as activate deformation 

mechanisms such as grain boundary shearing, affecting the mechanical performance during 

operation13,24,26,27,33.  

Solute segregation to grain boundaries has been found to improve grain boundary stability 

in a number of metals10,59,110 and ceramics50,54,55,64. Equation 5.1 is derived from the Gibbs 

adsorption isotherm and establishes the relationship between the concentration of segregated 

dopants and the grain boundary energy of doped systems85,92. 

𝛾𝛾𝑔𝑔𝑔𝑔 = 𝛾𝛾𝑔𝑔𝑔𝑔0 − 𝛤𝛤𝐵𝐵(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑋𝑋𝐵𝐵 − 𝛥𝛥𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠)  (5.1) 

Here 𝛾𝛾𝑔𝑔𝑔𝑔 represents the grain boundary energy of the doped material, 𝛾𝛾𝑔𝑔𝑔𝑔0 is the grain 

boundary energy of the undoped material, 𝛤𝛤𝐵𝐵 is the solute excess at the grain boundary, 𝑋𝑋𝐵𝐵 is the 

concentration of the dopant, and 𝛥𝛥𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 is the enthalpy of segregation of the dopant to the grain 

boundary85,92. This relationship states that the average grain boundary energy of a doped specimen 

will always be lower than that of an undoped specimen, provided the dopant has a favorable 

segregation enthalpy. Ionic radius and valence state differences between the dopant and matrix 

ions are among the key parameters affecting the segregation energy94. However, more studies are 

still needed to establish a predictive function. 

Hu et al. applied this concept to nanocrystalline Ni-Mo alloys by comparing the Hall-Petch 

breakdown for samples with varying concentrations of Mo110. This work found that the critical 

grain size for the Hall-Petch inversion could be lowered by increasing the concentration of Mo 

since Mo segregates to Ni grain boundaries110. Using transmission electron microscopy, Hu et al. 

revealed that samples with high Mo contents underwent limited amounts of grain boundary 

migration, even at low grain sizes110. In essence, this showed that Mo segregation enhanced grain 

boundary stability in nanocrystalline Ni which preserved dislocation dominated deformation at 

small grain sizes110. 

 Dopant segregation has also been found to impact fracture toughness in nanocrystalline 

ceramics64. A study by Bokov et al. involved doping yttria-stabilized zirconia with three different 

concentrations of La and juxtaposing the indentation toughness with average grain boundary 

energies (as measured by differential scanning calorimetry) for each64. In doing so, Bokov et al. 
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did estimate a reduction in grain boundary energies with increasing La contents as predicted by 

the Gibbs adsorption isotherm64. Furthermore, the lowering of grain boundary energies coincided 

with increases in indentation fracture toughness64. The calculated increase in toughness was 

reportedly due to the preferential segregation of La to high-energy grain boundaries: this served to 

level the energetic landscape within the material which, in turn, made cracking more stochastic in 

nature64.  By directly correlating improved grain boundary stabilities with enhanced toughness in 

nanocrystalline yttria-stabilized zirconia, Bokov et al. demonstrated that interfacial energies can 

provide direct insight into a nanoceramics’ mechanical performance. 

 The grain size dependence of a nanomaterial’s grain boundary energies must be known to 

fully predict its mechanical properties; however, this dependence becomes unclear when using 

dopant segregation to reduce grain boundary energies. As grain boundary area decreases in a 

material (i.e., grain sizes increase), the amount of dopant in the system will remain the same, so 

the grain boundary excess (𝛤𝛤𝐵𝐵 in Equation 5.1) will increase until reaching a saturation point. 

Beyond this point, dopant-rich second phases begin forming which can negatively impact hardness 

and toughness175. Muche et al. observed this in La-doped magnesium aluminate which had grain 

boundary energies about 0.15 J/m2 lower than those in undoped samples55. Despite lowering grain 

boundary energies, La-doped samples were found to have a weak grain size dependence, indicating 

grain boundaries were saturated with dopants at fairly low grain sizes. 

 The present work examines the dependence of the grain boundary energy of zinc aluminate 

on the presence of ionic dopants. Initially, the grain boundary stabilities of undoped zinc aluminate 

are compared with those of zinc aluminate doped with four different trivalent solutes [Sc3+ (74.5 

pm), In3+  (80.0 pm), Y3+ (90.0 pm), and Nd3+ (98.3 pm)]. All dopants have the same charge as 

Al3+ but the range of ionic radii allows us to gauge the effects of elastic strain on the segregation 

behavior. Molecular dynamics simulations on two zinc aluminate grain boundary structures (Σ3 

and Σ9) indicated Y3+ has the highest propensity to segregate among the studied dopants, assuming 

the dominant defect involves substituting for Al3+ in octahedral sites. 

 Following the simulation results, high-pressure spark plasma sintering was used to produce 

fully dense undoped zinc aluminate and zinc aluminate doped with 0.5 mol% Y2O3. The sintered 

nanoceramics were were subjected to a set of differential scanning calorimetry experiments to 

determine their grain boundary energies as a function of grain size. The results showed lower grain 

boundary energies for Y-doped zinc aluminate for all studied grain sizes, consistent with the 
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theoretical predicts. The results from this work show that trivalent dopants can indeed alter the 

grain boundary stabilities of nanocrystalline zinc aluminate, suggesting that zinc aluminate 

hardness and fracture toughness will improve by decorating its grain boundaries with Y3+. 

   

5.2: Methods and Experimental Procedures 

5.2.1: Atomistic simulations on grain boundary structures 

Molecular dynamics simulations were used to analyze the segregation behavior of four 

dopants [Sc3+ (74.5 pm), In3+  (80.0 pm), Y3+ (90.0 pm), and Nd3+ (98.3 pm)] to zinc aluminate 

grain boundaries. Two grain boundary structures were analyzed: one featured two Σ3 (111) tilt 

grain boundaries (22176 atoms) while the other had two Σ9 (001) tilt grain boundaries (22400 

atoms). The Σ3 structure was the same structure generated in GB Studio by Hasan et al. for 

magnesium aluminate50,176. The Σ9 structure was developed by constructing gamma surface maps 

for grain boundary structures with misorientation angles between 0 and 180° while ensuring the 

resulting structure had both grain boundaries in the simulation cell and relatively low energies. 

Each structure was visualized with OVITO144 and all calculations were performed with 

LAMMPS145 using Buckingham pair potentials (listed in Table 4.1) to estimate short-range 

interactions146. 

The grain boundary energy of each structure was calculated after minimization by taking 

the difference between the potential energy of the grain boundary structure and the potential energy 

of a bulk structure using Equation 5.2: 

𝛾𝛾𝑔𝑔𝑔𝑔0,𝑀𝑀𝑀𝑀 = 1
2𝐴𝐴

(𝐸𝐸𝑔𝑔𝑔𝑔 − 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)  (5.2)  

where 𝛾𝛾𝑔𝑔𝑔𝑔0,𝑀𝑀𝑀𝑀 is the grain boundary energy of the undoped grain boundary structure, 𝐴𝐴 is the grain 

boundary area, and 𝐸𝐸𝑔𝑔𝑔𝑔 and 𝐸𝐸𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 are the potential energies of the grain boundary and bulk 

structure with the same number of atoms50. 

 Segregation energies for each dopant were estimated using the dopant replacement method 

as detailed by Hasan et al.50. Dopants were substituted into Al3+ sites then the nanoparticle was 

subjected to an energy minimization step to record its potential energy as a function of the dopant 

position in the structure50. Segregation energies, 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠, were estimated for each dopant as the 

difference between a substitution in the bulk and a substitution in the grain boundary. The dopant 

concentration in the grain boundary layer was assumed to be beyond the dilute limit since the range 
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of grain sizes in the experimental work are expected to have a non-negligible number (about 5%) 

of trivalent sites occupied by the dopant. Given this, all segregation and grain boundary energies 

were taken as averages across all trivalent sites. 

 Segregation energies and experimental dopant concentrations (measured by electron 

microprobe analysis) were used to calculate grain boundary energies for both structures with 

Equation 5.3: 

𝛾𝛾𝑔𝑔𝑔𝑔,𝑀𝑀𝑀𝑀 = 𝛾𝛾𝑔𝑔𝑔𝑔0,𝑀𝑀𝑀𝑀 − (𝑛𝑛
𝐴𝐴

)𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠  (5.3) 

where 𝛾𝛾𝑔𝑔𝑔𝑔,𝑀𝑀𝑀𝑀 is the grain boundary energy of the doped structure, 𝑛𝑛 is the number of dopants in 

the system (about 0.5 mol% Y2O3), 𝐴𝐴 is the grain boundary area of the structure, and 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 is the 

segregation energy of each dopant. Only qualitative conclusions can be extracted from this 

computational study due to the number of assumptions made regarding the electrostatic 

interactions between dopants and the zinc aluminate matrix, but trends across each structure and 

dopant will serve to enrich the experimental portion of this work. 

 

5.2.2: Synthesis and nanopowder characterization 

Undoped zinc aluminate (ZAO) powder was synthesized using a modified co-precipitation 

method26,118,150,151. Zn(NO3)2·6H2O and Al(NO3)3·9H2O (Sigma Aldrich, >98%) were dissolved 

in deionized water in the metal stoichiometric molar ratio of 1:2. Water contents of each nitrate 

precursor were measured prior to synthesis to ensure the stoichiometric ratios were accurately 

maintained. Hydroxide nanoparticles were precipitated under a 2 mol/L aqueous ammonia solution 

at a constant pH of 8.75 to limit the formation of Zn(NH3)42+, which would ultimately lead to a 

Zn-deficient precipitate26,118,150,151. Following the synthesis, hydroxide precipitates were 

immediately washed three times with ethanol and dried in an oven at 80°C for 48 hours. The same 

technique was used to synthesize Y-doped zinc aluminate (YZAO), except Y(NO3)3·6H2O (Sigma 

Aldrich, >98%) was also dissolved in the nitrate precursor solution to give a concentration of 0.5 

mol% Y2O3 in the precipitate. Dried precipitates were ground into fine powders and calcined in a 

Thermo Scientific Lindberg/Blue M (Thermo Fisher Scientific Inc., Waltham, MA) box furnace 

at 550°C for 4 hours to crystallize the spinel phase with limited grain growth26,118,152. 
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X-ray diffraction (XRD) on a Bruker D8 (Bruker, Billerica, MA) operated at 40 kV, 40 

mA (CuKα radiation, λ=1.5406 Å) was used to perform phase and crystallite size analyses of each 

set of powders. Crystallite sizes were estimated using Match! (Crystal Impact, Bonn, Germany) 

software with reference pattern #96-900-7021 (Levy et al.153). These measurements were 

supported by scanning transmission electron microscopy (STEM) images from both powders on a 

JEOL-ARM300F Grand ARM (JEOL, Peabody, MA).  

Electron microprobe analysis (EMPA) on a Cameca SX-100 (Cameca, Gennevulliers, 

France) was used to estimate Al:Zn stoichiometric ratios of ZAO and YZAO powders. 10 scans 

were taken across each sample and averaged to reveal that stoichiometric ratios were within error 

of one another:  2.16 (±0.14) and 2.11 (±0.06) for ZAO and YZAO, respectively. 

 

5.2.3: Spark plasma sintering 

Doped and undoped powders were degassed at 400°C for over 16 hours in a Micromeritics 

SmartVacPrep (Micromeritics Instrument Corp., Norcross, GA) to remove water adsorbed onto 

particle surfaces. Following this, powders were transferred to a glovebox where they were 

preserved in a dry nitrogen atmosphere (below 0.6% relative humidity) prior to sintering.  

Each sample was sintered by high-pressure spark plasma sintering (HP-SPS) where the 

setup consisted of an inner die (inner diameter (ID): 4 mm, outer diameter (OD): 19 mm) made of 

diamond/SiC composite (Hyperion Materials & Technologies, Deerfield Beach, FL)27,64,70,93. 

Punches composed of the same material with diameters that fit those of the inner die were placed 

on the top and bottom of the die to transfer the load onto the green body. This setup was 

encapsulated by a larger graphite die (ID: 19 mm, OD: 45 mm) which served to maintain the 

current path and insulate the inner die.  

Samples were sintered in an SPS model 825S (Syntex Inc., Kawasaki, Japan) at 

temperatures of 800-900°C and pressures of 1.2-2.0 GPa to achieve full density at a range of grain 

sizes. After sintering, each pellet was annealed at 150°C below its sintering temperature to release 

residual strain and allow for oxidation of carbon and any potentially reduced elements. 

 

5.2.4: Pellet characterization 

After polishing flat with 800 grit sandpaper, relative densities were measured for each 

sample using an Archimedes’ balance. Theoretical densities of 4.58 g/cm3 were used for both ZAO 
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and YZAO since Rietveld refinement on x-ray diffraction patterns revealed the dopant has a 

negligible effect on the lattice parameter177. Each sample across both compositions was optically 

transparent and, as such, had relative densities greater than 98%. 

Grain sizes before and after differential scanning calorimetry were measured by XRD since 

all grain sizes were within the range of Scherrer’s equation178. Match! software and reference 

pattern #96-900-7021 were used for all grain size measurements153. 

 

5.2.5: Differential scanning calorimetry 

 Grain boundary energies were calculated as a function of grain size by subjecting sintered 

pellets to a series of differential scanning calorimetry (DSC) experiments in a Netzch DSC 404 

(Netzch GmbH, Selb, Germany). Samples were heated to final temperatures between 850 and 

900°C at 50°C/min to activate grain growth179. Following the heating profile, samples were 

maintained at the final temperature for 15 minutes to ensure grain growth peaks were fully 

developed. This procedure was repeated three times to establish a baseline to extract the grain 

growth peak from179. High heating rates were employed in this study to help deconvolute the 

multiple heat signals associated with grain growth. Experiments were run under an Ar environment 

to prevent oxidation of carbon residue from spark plasma sintering179.  

 Grain boundary energies were calculated by normalizing heat signals with the change in 

grain boundary area using Equation 5.4: 

𝛥𝛥𝛥𝛥 = 𝛥𝛥𝛾𝛾𝑔𝑔𝑔𝑔 𝛥𝛥𝐴𝐴𝑔𝑔𝑔𝑔 (5.4) 

where 𝛥𝛥𝛥𝛥 is the heat from grain growth as measured by DSC, 𝛥𝛥𝛾𝛾𝑔𝑔𝑔𝑔 is the change in grain boundary 

energy from grain growth, and 𝛥𝛥𝐴𝐴𝑔𝑔𝑔𝑔 is the change in grain boundary area179. This equation 

assumes the heat signal at elevated temperatures is entirely attributed to the elimination of grain 

boundary area (i.e., grain growth), which is an appropriate approximation for this system due to 

the high densities measured for samples before DSC50,70. Grain boundary areas were calculated 

using Equation 5.5 with grain sizes measured by XRD: 

𝐴𝐴𝑔𝑔𝑔𝑔 = 𝑆𝑆
𝐷𝐷𝐷𝐷
𝑒𝑒−2.5(𝑙𝑙𝑙𝑙𝜎𝜎)2 (5.5) 

where 𝐴𝐴𝑔𝑔𝑔𝑔 is the grain boundary area, 𝑆𝑆 is the shape factor taken to be 3.55 (tetrakaidecahedron 

grains), 𝐷𝐷 is the grain size, 𝜌𝜌 is the density, and 𝜎𝜎 is the standard deviation of normalized grain 
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sizes50,70,179. The exponential factor associated with grain size distribution was assumed to have a 

negligible effect on the grain boundary areas since grain sizes were measured by XRD. 

Following the protocol by Bokov et al., a set of six DSC experiments were run to solve 

Equation 5.4 as a function of grain boundary area (i.e., grain size), where each experiment 

represented a permutation of three initial states with three final states70. The system of equations 

was then solved by applying realistic boundary conditions: (1) all grain boundary energies are 

positive and (2) grain boundary energies must increase with grain size55. The second assumption 

is validated in doped samples by the Gibbs adsorption isotherm: grain growth reduces the grain 

boundary area in a material which further increases dopant concentrations at grain boundaries, 

hence lowering grain boundary energies85,92. This holds true for undoped samples since larger-

grained samples are prepared from sintering at higher temperatures and/or for longer times which 

leads to more stable grain boundary configurations180. 

 

5.3: Results and Discussion 

5.3.1: Analysis of dopant segregation to Σ3 and Σ9 grain boundaries 

The Al3+ octahedral sites in zinc aluminate were replaced by each individual dopant (Sc3+, 

In3+, Y3+, Nd3+) in structures containing Σ3 and Σ9 grain boundaries. Dopants were substituted in 

the bulk region of the grain and moved stepwise toward the grain boundary regions. The energy 

was minimized after each substitution. Figure 5.1 outlines the results from these molecular 

dynamics simulations which identified Y3+ as the dopant with the highest segregation energies to 

both grain boundaries. Figure 5.1a and Figure 5.1b depict cumulative distribution functions for 

each dopant in the Σ3 and Σ9 grain boundary, indicating Y3+ contains the highest number of 

favorable sites (high segregation energy) of all dopants. 
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Figure 5.1: (a) and (b): Segregation energies for each dopant to zinc aluminate (a) Σ3 (111) and 

(b) Σ9 (001) tilt grain boundaries plotted as cumulative distribution functions. (c) and (d): 

Average segregation and grain boundary energies calculated assuming 0.5 mol% Y2O3 for (c) Σ3 

(111) and (b) Σ9 (001) tilt grain boundaries. The regions shaded in grey in (c) and (d) indicate a 

breakdown in the correlation between segregation energy and dopant ionic radius, while the light 

grey region in (d) points out the remarkably high segregation energy for Y3+. 

 

 Average segregation energies for all four dopants were positive in both grain boundary 

structures, indicating grain boundary sites are more favorable substitution sites than bulk sites. 

This is likely due to the limited coordination at the grain boundary region: this allows for improved 

accommodation of the elastic strain introduced by large dopants as previously proposed for Y-

doped alumina. Grain boundary energies were calculated for each structure to explore the potential 

link between segregation and grain boundary energy outlined in Equation 5.1. 
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Grain boundary energies were around 2.5-2.9 J/m2 for each of the two structures which are 

significantly higher than those experimentally reported for zinc aluminate and other 

nanocrystalline oxides55,64,70,104,118. The discrepancy can either be related to the uncertainty in the 

pair potentials used or the assumptions made in the simulations. For example, the formation of 

space charge layers and spontaneous site inversion have been reported to lower excess energies in 

spinel interfaces by rearranging atoms in lower energy states94,97. This explanation is consistent 

with data available in literature for simulations on doped and undoped magnesium aluminate which 

showed similar discrepancies in grain boundary energies under the same assumptions50. 

Each plot in Figure 5.1 indicates that Y3+ has more favorable segregation than all other 

dopants in the study. Conversely, structures doped with Nd3+ have the lowest segregation energies 

despite having the highest ionic radius in the study (98.3 pm). This result is intriguing as one 

generally expects a direct correlation between segregation energies and ionic radii since higher 

ionic radii introduce greater elastic strain in the bulk, making the more relaxed interfacial regions 

more energetically favorable94. The fact that this expected behavior breaks down for Nd3+ may be 

suggesting there is maximum ionic radius that the grain boundary can accommodate. Beyond this, 

added strain leads to diminishing improvements in grain boundary energies. It is important to note 

that segregation is still energetically favorable for this ion, but with lower segregation energy. 

As shown in Figure 5.1d, the large segregation energies calculated for Y3+ in the Σ9 

structure also suggests there is a critical range of ionic radii where dopants segregate to the grain 

boundaries to a greater extent. A similar behavior is seen for Σ3, but with less intensity. This range 

could depend on the nature of the grain boundary in terms of misorientation, but a more systematic 

study across more dopants and grain boundary structures would be required to evaluate this 

hypothesis. 

By comparing segregation energy trends between both grain boundaries, it is apparent that 

Y3+ exhibits elevated segregation to Σ9 grain boundaries in comparison to Σ3 boundaries. This 

behavior is expected since the low coordination of Σ9 boundaries makes it easier to compensate 

for the elastic strain introduced by large dopants64. This result suggests that Y3+ may preferentially 

segregate to high-energy grain boundaries in zinc aluminate. 
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5.3.2: Experimental grain boundary energy measurements 

Doped and undoped zinc aluminate pellets were sintered to three distinct grain sizes by 

spark plasma sintering at various temperatures and pressure between 800-900°C and 1.2-2.0 GPa. 

The sintering conditions are listed in Table 5.1 demonstrating that generally higher temperatures 

lead to further densification and coarsening, while pressure helps preserve small grain sizes. The 

conditions used in this study were based on previous experience using an experimental grid 

targeting roughly 1/3 of the melting point to minimize coarsening. XRD indicated all produced 

samples had the characteristic zinc aluminate spinel structure. 

For the grain boundary energy measurements, the sintered samples were subjected to grain 

growth inside a DSC up to three maximum temperatures: 850°C, 875°C, and 900°C. Maximum 

DSC temperatures were selected to activate measurable heats of grain growth while reaching 

significantly different final (post-DSC) grain sizes and preventing the formation of second phases 

in doped zinc aluminate samples. Different final states are needed due to the mathematical nature 

of the protocols used to calculate grain boundary energies. That is, the initial (pre-DSC) and final 

(post-DSC) grain sizes along with the heats of grain growth between the two states were used to 

establish a linear system of equations according to Equation 5.4 for ZAO and YZAO. The 

measured heats of grain growth represented transitions between two of the distinct initial and final 

states shown in Table 5.1: 
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Sample 

Initial State (Pre-DSC) Final State (Post-DSC) 

Designation 
(State X) 

SPS 
Temperature 

(°C) 

Designation 
(State Y) 

DSC 
Temperature 

(°C) 

ZAO-14 State 1 800 State 4 850 

ZAO-15 State 1 800 State 5 875 

ZAO-16 State 1 800 State 6 900 

ZAO-25 State 2 850 State 5 875 

ZAO-26 State 2 850 State 6 900 

ZAO-36 State 3 900 State 6 900 

YZAO-14 State 1 850 State 4 850 

YZAO-15 State 1 850 State 5 875 

YZAO-16 State 1 850 State 6 900 

YZAO-25 State 2 900 State 5 875 

YZAO-26 State 2 900 State 6 900 

YZAO-36 State 3 950 State 6 900 

Table 5.1: Initial (pre-DSC) and final (post-DSC) states for the six ZAO and six YZAO samples 

in the study. The naming convention used follows the template ZAO-XY where X and Y represent 

the initial and final states in the DSC measurement. Higher SPS temperatures were used for 

YZAO samples due to limited densification and grain growth compared to ZAO. 

  

 For the heat measurement, samples were heated at a constant rate and held at the maximum 

temperature for 15 minutes to fully develop the grain growth peak. Peak integrations were 

performed by fitting the background to a Bezier function to estimate the enthalpy of grain growth. 

This function allows for correction of the change in heat capacity of the sample during coarsening. 

Example peaks for ZAO-16 and YZAO-16 with subtracted backgrounds are included in Figure 

5.2: 
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Figure 5.2: Background-subtracted DSC curves for ZAO-16 and YZAO-16 with exothermic 

signals represented as positive values. Samples were heated to 900°C under an Ar environment 

and maintained at the final temperature for 15 minutes to allow grain growth peaks to fully 

develop. Peak integrals indicate lower heats of grain growth in YZAO compared to ZAO. A 

small shoulder on the ZAO-16 peak is denoted by an asterisk. 

 

Figure 5.2 highlights measurable exothermic heats attributed to grain growth. Heats of 

grain growth were lower in YZAO samples compared to ZAO samples. This is attributed to both 

the reduced grain evolution and lower grain boundary energies. This behavior can be taken as a 

sign of dopant segregation to grain boundaries due to the numerous reports of grain growth 

inhibition from dopant segregation50,51,54. The curves in Figure 5.2 also indicate a small shoulder 

in the heat signal past the maximum of the heat effect in the undoped sample; in fact, these 

shoulders were present in the majority of ZAO and YZAO peaks although sometimes difficult to 

identify. Such shoulders have been recorded in similar calorimetric studies of the isostructural 
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magnesium aluminate and were attributed to Al3+ inversion from octahedral to tetrahedral sites181. 

Due to the structural similarities, it is presumed that the shoulders observed in DSC peaks for zinc 

aluminate also represent some degree of inversion. Unlike magnesium aluminate, these heat effects 

are relatively small and are estimated to account for under 3% of the total are of the peak. This is 

because site inversion is limited in zinc aluminate compared to magnesium aluminate due to the 

crystal field stabilization energy of the Zn2+ ion182. Therefore, contributions from this phenomenon 

to the heats of grain growth were assumed to be negligible. 

In order to quantify the microstructural evolution attributed to each individual heat effect, 

samples were analyzed using XRD to perform phase analysis and calculate crystallite sizes. Figure 

5.3 includes XRD patterns for two sintered samples (ZAO-16 and YZAO-16) before and after 

DSC experiments at 900°C, showing each is single phased with grain sizes in the limit of 

Scherrer’s equation. These results represent the behavior observed in all studied samples. Samples 

that showed second phases at large grain sizes (post-DSC) were discarded from this study as 

second phase formation would introduce additional heat effects to the peak that could not be easily 

deconvoluted. 
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Figure 5.3: XRD patterns of ZAO-16 and YZAO-16 before (black and red) and after (blue and 

green) grain growth at 900°C in a DSC. Upon heating to 900°C, ZAO and YZAO grains grow by 

approximately 13 and 6 nm, respectively. The spinel phase was the only one detected in both 

samples before and after DSC experiments. 

 

 Measured crystallite sizes and heats of sintering are summarized in Table 5.2 for each 

ZAO and YZAO sample in the study. 
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Sample 
Grain Size (nm) 

Grain Boundary Area 

(m2/g) ΔH (J/g) 

Initial D0 Final Df Initial Agb,0 Final Agb,f 

ZAO-14 17.1 25.3 45.4 30.6 24.56 

ZAO-15 17.1 27.3 45.4 28.4 29.16 

ZAO-16 17.6 30.1 44.0 25.8 23.18 

ZAO-25 21.4 28.4 36.2 27.3 11.18 

ZAO-26 20.4 30.3 38.1 25.6 18.28 

ZAO-36 28.4 32.6 27.3 23.8 5.29 

YZAO-14 17.1 21.2 45.4 36.6 7.68 

YZAO-15 17.0 22.5 45.8 34.4 12.58 

YZAO-16 16.7 23.0 46.5 33.7 15.50 

YZAO-25 22.6 24.4 34.3 31.8 1.41 

YZAO-26 21.1 25.7 36.7 30.1 6.46 

YZAO-36 28.1 29.3 27.6 26.5 0.03 

Table 5.2: Grain sizes, grain boundary areas, and enthalpies of grain growth for each ZAO and 

YZAO sample in the study. The naming convention is representative of the initial and final states 

as described in Table 5.1. Enthalpies were calculated by integrating DSC peaks using a Bezier 

function to fit the background. 

 

 Grain sizes and enthalpies of grain growth from Table 5.2 support the idea that Y-doped 

samples undergo less grain growth than undoped samples likely due to grain boundary stabilization 

from segregated dopants50,51,54. The values were averaged across each state and used in a system 

of equations based on Equation 5.4 to calculate grain boundary energies for each composition. 

The calculated grain boundary energies are plotted as functions of grain size in Figure 5.4: 
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Figure 5.4: Grain boundary energies plotted as functions of grain size for ZAO and YZAO. 

Exponential fits were calculated and plotted with solid lines for each set of data to highlight the 

grain size dependence of grain boundary energies. Lower energies are calculated at each grain 

size for doped samples, which aligns with the consistently low heats of grain growth in Table 

5.2. 

 

 Grain boundary energies measured for YZAO are approximately 38-46% lower than those 

for ZAO: energies range from 1.1 to 1.3 J/m2 for ZAO and 0.6 to 0.8 J/m2 for YZAO. Yang et al. 

reported grain boundary energies of 0.47 J/m2 for quasi-stoichiometric zinc aluminate which are 

significantly lower than those measured here118. The discrepancy with the literature is attributed 

to three possible reasons: (1) differences in sample densities, (2) difference in grain boundary 

character, or (3) variations in Al:Zn stoichiometric ratios at grain boundaries. The first explanation 

relates to the fact that measurements in this study were performed on fully dense samples, unlike 

Yang et al.’s work which focused on green bodies utilizing the heat of sintering. The dense initial 
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states in our study led us to assume that changes in surface areas during DSC experiments were 

negligible, while Yang et al. had to account for this in their calculations. Accounting for reduction 

in surface area during DSC measurements can result in artificially low grain boundary energies if 

surface area calculations are inaccurate, which may be the case for zinc aluminate if carbonates 

are adsorbed on powder surfaces154,155. Secondly, it is expected that samples prepared by high-

pressure spark plasma sintering would have more random orientations of grain boundaries. This is 

because of the rate of sintering which fundamentally forges grain boundaries with greater excess 

energy compared to those formed by slower pressure-less sintering. Aside from this, Yang et al. 

found that Al-rich (Al:Zn = 2.4) zinc aluminate had higher grain boundary energies of 0.70 J/m2 

than quasi-stoichiometric (Al:Zn = 2.1) samples118. ZAO in this study had a stoichiometric ratio 

of 2.16 which is slightly higher. 

The measured reduction in grain boundary energies of roughly 40% in zinc aluminate 

aligns with previous results for Y-doped magnesium aluminate and La-doped yttria-stabilized 

zirconia where grain boundary energies were reduced by up to 40% and 44%, respectively50,64. 

However, when taking into consideration the relatively low dopant concentration (0.5 mol% 

Y2O3), the individual effect of Y3+ doping in zinc aluminate stands out substantially. For 

comparison, the reductions in magnesium aluminate and yttria-stabilized zirconia were for dopant 

concentrations of 3 mol% Y2O3 and 1.5 mol% La2O3, respectively. This remarkable lowering of 

grain boundary energies is possibly related to the cooperative self-segregation of excess Al3+ to 

interfaces, which has been reported in the past for magnesium aluminate95,96. Al enrichment was 

evident at the surfaces of zinc aluminate nanoparticles (Figure 4.8), but more EELS scans must 

be taken on dense samples to confirm that this is also the case for grain boundaries. 

 Figure 5.4 also indicates a grain size dependence of the grain boundary energy for both 

ZAO and YZAO. For undoped oxides, this is usually attributed to a change in the grain boundary 

population since grain growth quickly eliminates grain boundaries with higher energies, lowering 

the average grain boundary energy of the system45. ZAO grain boundary energies plateau around 

grain sizes of 20-28 nm, which is consistent with the fact that this phenomenon becomes marginal 

as grain boundaries approach their equilibrium configurations 

 Decreasing grain boundary energies as a function of grain sizes in doped samples are 

instead a result of decreasing grain boundary area or increasing grain boundary excess as described 

by the Gibbs adsorption isotherm65,92. To highlight this, grain boundary areas were calculated as a 



75 
 

function of grain size for zinc aluminate using Equation 5.5. These are plotted along with YZAO 

grain boundary energies in Figure 5.5: 

Figure 5.5: Grain boundary energies for YZAO plotted with an exponential fit (solid line) along 

with grain boundary areas plotted as functions of grain size. Grain boundary areas were 

calculated using Equation 5.5 for tetrakaidecahedron grains and grain boundary thicknesses of 1 

nm. The similar slopes between grain boundary energies and grain boundary areas suggest there 

is a correlation between the two as predicted for dopant segregation. 

 

Figure 5.5 shows good correlation exists between grain boundary area and grain boundary 

energies for Y-doped zinc aluminate (with ZAO having a lower slope). The Gibbs adsorption 

isotherm predicts that, at constant dopant concentrations, decreases in grain boundary area result 

in further enrichment of grain boundaries and a consequent reduction of excess energy. Eventually, 

the grain boundary energies will plateau when grain boundaries are saturated with dopants, as 

observed by Muche et al. in La-doped magnesium aluminate55 and Nafsin et al. in Gd-doped yttria-
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stabilized zirconia52. The fact that grain boundary energies continue decreasing at 28 nm indicates 

that doped grain boundaries are not fully saturated with dopants. 

 

5.4: Conclusions 

Grain boundary stability of nanocrystalline zinc aluminate was investigated using 

molecular dynamics and calorimetric techniques to evaluate the segregation behavior of four 

dopants: Sc3+, In3+, Y3+, and Nd3+. Molecular dynamics simulations estimated that Y3+ has the 

highest propensity for segregating to zinc aluminate grain boundaries. Despite the simplified defect 

chemistry in simulations, the method was able to successfully predict Y3+ segregation to zinc 

aluminate grain boundaries. Further experimental studies are needed to analyze the effects of Y3+ 

on space charge layers and to confirm the potential anisotropic segregation predicted by 

simulations.  

High-pressure spark plasma sintering allowed the fabrication of dense nanocrystalline Y-

doped and undoped zinc aluminate. Y-doped samples generally had smaller grain sizes than their 

undoped counterparts which was consistent with coarsening inhibition observed in differential 

scanning calorimetry studies. Calorimetric experiments showed a reduction in average grain 

boundary energies for zinc aluminate doped with 0.5 mol% Y2O3 at each grain size in the study, 

which is consistent with dopant segregation as predicted by the simulation work. Grain boundary 

energy was estimated to be a function of grain size for both doped and undoped zinc aluminate 

with Y-doped samples having a stronger dependence due to the effects of grain boundary area 

reduction on the dopant concentration at the grain boundaries. Combining the results from this 

study with previous reports of grain boundary stabilization in nanomaterials, it is expected that 

doping zinc aluminate grain boundaries with Y3+ will also result in increases in hardness and 

fracture toughness. This result will be used in future work to tailor mechanical behavior in zinc 

aluminate to prove its viability as a material for next-generation armored windows.  
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Chapter 6: Mechanical Performance of Y-Doped Nanocrystalline Zinc 

Aluminate 

Abstract 

Nanocrystalline zinc aluminate has been highly touted as a potential armor ceramic due to 

its mechanical, thermal, and optical properties. The hardness and fracture toughness of undoped 

zinc aluminate and zinc aluminate doped with 0.5 mol% Y2O3 were measured by means of 

indentations to expand on previous work that demonstrated enhanced grain boundary stabilities in 

doped samples. It was found that both compositions had similar Vickers hardness values at grain 

sizes below 25 nm (approximately 18.1 GPa) while Y-doped samples had superior hardness at 

grain sizes higher than this point. Fracture toughness values were also in the same range for doped 

and undoped samples (2.9-3.5 MPa∙m0.5) with values decreasing as a function of grain size. 

Overall, these results represent the first reported fracture toughness values for nanocrystalline zinc 

aluminate where values are similar to those reported for nanocrystalline magnesium aluminate. 

This work additionally highlights the role of dopant concentration in controlling mechanical 

properties despite previous reports of significantly enhanced grain boundary stabilities in zinc 

aluminate with same Y3+ concentration. 

 

6.1: Introduction 

Researchers have demonstrated that nanocrystalline zinc aluminate (ZnAl2O4) can exhibit 

optical transparency and hardness close to that of aluminum oxynitride (ALON) and 

sapphire26,152,183,184 while displaying higher thermal conductivity185, making it a candidate material 

for the next generation of armored windows. Although stoichiometric zinc aluminate has 

repeatedly registered hardness values near 20 GPa at the nanoscale, the grain size dependence of 

this value remains difficult to predict26,152. 

One study by Yang et al. looked to analyze the grain size hardening behavior of spark 

plasma sintered zinc aluminate to compare with previous results on other nanocrystalline oxides26. 

This study reported increasing hardness values in zinc aluminate down to grain sizes close to 10 

nm; however, small-grained samples were found to have extensive networks of cracks compared 

to their larger-grained counterparts26. The observed cracking behavior foreshadowed a reversal in 

this trend at smaller grain sizes which was eventually confirmed by a separate study that recorded 



78 
 

a decrease in hardness at grain sizes below 20 nm for stoichiometric zinc aluminate152. This recent 

study also implied that the grain size hardening behavior in zinc aluminate may be directly related 

to the stability of its grain boundaries: Al-rich zinc aluminate showed elevated hardness at small 

grain sizes which was presumed to be due to interfacial segregation152. Similar conclusions had 

been reached before by Hu et al. who found a correlation between grain boundary stability and 

hardness in Ni-Mo alloys110 as well as Bokov et al. who showed a breakdown in grain size 

hardening coincident with an increase in average grain boundary energies in yttria-stabilized 

zirconia70.  

Y3+ has been shown to segregate to zinc aluminate grain boundaries and significantly 

improve their stability (Figure 5.4) which, combined with results from other materials, would 

predict superior hardness for Y-doped zinc aluminate. This work aims to substantiate this claim 

by comparing the hardness of undoped zinc aluminate to that of zinc aluminate doped with 0.5 

mol% Y2O3. A separate goal of this study will focus on analyzing the effects of Y3+ segregation 

on zinc aluminate fracture toughness to complement results from Bokov et al. that measured 

elevated fracture toughness in La-doped yttria-stabilized zirconia64. By investigating this, we also 

seek to enrich the set of literature data for fracture toughness of nanocrystalline oxides which, in 

its current state, is narrow. These results will have implications on the design of nanostructured 

ceramics for the development of next-generation armored windows. 

 

6.2: Experimental Procedures 

6.2.1: Synthesis and nanopowder characterization 

Undoped zinc aluminate (ZAO) powder was synthesized using reverse-strike co-

precipitation where an aqueous metal nitrate solution [Zn(NO3)2·6H2O and Al(NO3)3·9H2O 

(Sigma Aldrich, >98%)] was mixed dropwise with a 2 mol/L aqueous ammonia 

solution26,118,150,151. Before synthesis, water contents of each nitrate precursor were measured to 

ensure stoichiometric ratios were maintained. Additionally, the synthesis was carried out under a 

constant pH of 8.75 to prevent the formation of Zn(NH3)42+ to preserve the initial 

stoichiometry26,118,150,151. Y-doped zinc aluminate (YZAO) was also synthesized by this method, 

but Y(NO3)3·6H2O (Sigma Aldrich, >98%) was dissolved in the nitrate precursor solution in this 

case to give a concentration of 0.5 mol% Y2O3. Both sets of powder were ground from dried 

precipitates before calcining in a Thermo Scientific Lindberg/Blue M (Thermo Fisher Scientific 
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Inc., Waltham, MA) box furnace at 550°C for 4 hours to induce a transition into the spinel phase 

with limited coarsening26,118,152. 

Phase and crystallite size analysis was performed on both powders by examining x-ray 

diffraction (XRD) patterns taken on a Bruker D8 (Bruker, Billerica, MA) operated at 40 kV, 40 

mA (CuKα radiation, λ=1.5406 Å). Crystallite sizes were calculated on Match! (Crystal Impact, 

Bonn, Germany) software using reference pattern #96-900-7021 (Levy et al.153). These 

measurements were validated by images captured using scanning transmission electron 

microscopy (STEM) on a JEOL-ARM300F Grand ARM (JEOL, Peabody, MA).  

The stoichiometric ratios of Al:Zn were measured for each set of powders using electron 

microprobe analysis (EMPA) on a Cameca SX-100 (Cameca, Gennevulliers, France) since studies 

have shown this correlates with mechanical and sintering behaviors in spinels34,95,96,152. 

Measurements were averaged over 10 scans taken across each sample and showed that the ratios 

were similar for both powders: 2.16 (±0.14) and 2.11 (±0.06) for ZAO and YZAO, respectively. 

 

6.2.2: Spark plasma sintering 

Calcined powders were degassed in a Micromeritics SmartVacPrep (Micromeritics 

Instrument Corp., Norcross, GA) at 400°C for a minimum of 16 hours to remove water adsorbed 

on surfaces. Dry powders were stored in a dry nitrogen atmosphere (under 0.6% relative humidity) 

in a glovebox until being sintered. 

High-pressure spark plasma sintering (HP-SPS) was used to sinter samples in this 

study27,64,70,93. The setup consisted of two concentric dies with an inner die (inner diameter (ID): 4 

mm, outer diameter (OD): 19 mm) made of a diamond/SiC composite (Hyperion Materials & 

Technologies, Deerfield Beach, FL)27,64,70,93. Punches made from the same composite were placed 

in the inner die on either side of the green body. This setup was inside of a larger graphite die (ID: 

19 mm, OD: 45 mm) to insulate the inner die and maintain a current path in the SPS. 

An SPS model 825S (Syntex Inc., Kawasaki, Japan) was used to sinter each sample at 

temperatures of 800-900°C and pressures of 1.2-2.0 GPa to achieve full density. Each pellet was 

annealed at 150°C below its maximum sintering temperature to remove residual strain and oxidize 

any carbon and elements reduced during the sintering process. 
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6.2.3: Pellet characterization 

Upon annealing, each sintered pellet was polished flat with 800 grit sandpaper. Relative 

densities were measured for each sample using an Archimedes’ balance while assuming a 

theoretical density of 4.58 g/cm3 since Rietveld refinement estimated similar lattice parameters for 

doped and undoped samples177. All samples were optically transparent with relative densities 

greater than 98%. XRD analysis confirmed that each pellet was single phased with grain sizes 

under 30 nm. 

 

6.2.4: Mechanical testing 

Each pellet was polished with diamond paste to micron sizes of 0.1 µm to minimize 

curvature and scratches on surfaces before indenting. A Mitutoyo HM-220A (Mitutoyo 

Corporation, Sakado, Japan) microindenter with a Vickers pyramid was used to indent each sample 

at a constant load of 40 gf. The load was chosen to limit spallation since studies have shown this 

can result in artificially low hardness measurements33. Reports show that indentation loads have 

negligible effects on Vickers hardness measurements in zinc aluminate26. Indentations were 

imaged using scanning electron microscopy (SEM) with a Thermo Scientific Scios DualBeam 

SEM/FIB (Thermo Fisher Scientific Inc., Waltham, MA) using an accelerating voltage of 5 kV 

and a beam current of 0.1 nA. The dimensions of each indentation were estimated using ImageJ 

software. 

Around 60 indentations were used to estimate hardness and fracture toughness as a function 

of grain size for each composition: about 30 per composition and 10 for each grain size. Fracture 

toughness was calculated using the same method as Bokov et al. to maintain a reference for 

measurements in this study64. This method involved averaging the fracture toughness from three 

equations developed by Lankford186, Laugier187, and Shetty et al.188. 

 

6.3: Results and Discussion 

Vickers hardness was measured for three samples average grain sizes between 15 and 30 

nm for doped and undoped zinc aluminate. Results plotted in the form of the Hall-Petch equation 

are included in Figure 6.1 below: 
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Figure 6.1: Vickers hardness plotted as a function of the inverse square root of grain size (grain 

size decreasing to the right) for ZAO and YZAO. Dashed line represents previous data for 

stoichiometric (Al:Zn = 2.01:1) zinc aluminate152. Error bars represent 95% confidence intervals 

around the mean hardness values. 

 

 Calculated hardness values range between 17.5 and 18.5 GPa, which agrees well with data 

reported for stoichiometric (Al:Zn ratio of 2.01:1) zinc aluminate that predicts an inversion in the 

grain size hardening behavior around 20 nm152. Additionally, doped and undoped samples with 

grain sizes below 25 nm were found to have statistically similar hardness values, suggesting that 

Y3+ has a negligible impact on zinc aluminate hardness at these grain sizes. The data in Figure 6.1 

goes against the initial hypothesis that Y3+ grain boundary segregation elevates hardness in doped 

samples. 

 The negligible effect of Y3+ on hardness at low grain sizes could be a result of (1) limited 

grain boundary excess at small grain sizes or improved hardness convoluted by (2) nanopores at 
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triple junctions45,189,190 or (3) a second phase undetectable by XRD50. If present in the system, 

nanopores and second phases could serve to concentrate the stress applied by the indenter, which 

would lead to lower observed hardness values. Transmission electron microscopy images would 

need to be collected for doped samples to rule out the effects of nanopores and second phases, 

which are not included here. Nonetheless, this behavior is more likely a result of the low dopant 

concentrations used in this study. Other studies on doped nanoceramics featured dopant 

concentrations of at least 1 mol% (e.g., 1 mol% X2O3)50,54,55,98, while YZAO in the present study 

contained only 0.5 mol% Y2O3. If this is in fact the reason for the similar hardness values, there 

may still be an evident difference in the cracking behavior for YZAO samples.  Previous work on 

zinc aluminate has shown that Al-rich samples undergo significantly less lateral cracking than 

stoichiometric samples, even in samples with similar hardness values152. Similar behavior may be 

observed in YZAO samples as a result of dopant segregation, which makes this an intriguing 

subject for future work. 

 By examining data in Figure 6.1 above 25 nm, it is apparent that YZAO has significantly 

higher hardness values than ZAO at grain sizes near 28 nm: ZAO registered a hardness of 17.6 

(±0.3) GPa while YZAO had a hardness of 18.5 (±0.3) GPa. At these grain sizes, it is presumed 

that sample hardness is defined by a mix of dislocation pinning and grain boundary deformation 

as cited in previous studies13,124,152. This result could then be explained by two reasons: (1) reduced 

grain boundary deformation in YZAO samples or (2) enhanced dislocation pinning in YZAO 

samples. Although results at small grain sizes imply that Y3+ concentrations at grain boundaries 

are too low to impact hardness values, the grain boundary excess is expected to increase with 

decreasing grain boundary area (i.e., increasing grain size). This increase in dopant concentration 

at grain boundaries could increase the activation energy for grain boundary shearing, leading to 

higher hardness124,152. The other possibility is that Y3+ segregates to charged dislocation cores and 

serves as a pinning agent which has been reported for doped semiconductors191. Improved hardness 

would become more obvious at higher dopant concentrations, which will be addressed in future 

work. 

Fracture toughness was measured on the same set of samples to complement the discussion 

on zinc aluminate mechanical properties. The results are shown in the figure below: 



83 
 

 

Figure 6.2: Indentation fracture toughness (𝑲𝑲𝑪𝑪) plotted as a function of grain size (grain size 

decreasing to the left) for ZAO and YZAO. Data is plotted along with a linear fit across solely 

for visual purposes. Error bars represent 95% confidence intervals around the mean fracture 

toughness. 

 

 Figure 6.2 shows that mean toughness values lie between 2.5 and 3.5 MPa∙m0.5 with a clear 

grain size dependence for both ZAO and YZAO. These values are comparable to those measured 

for nanocrystalline yttria-stabilized zirconia and magnesium aluminate using a similar technique, 

which led to values around 1.7 and 3.6 MPa∙m0.5, respectively35,64. Similar to findings for hardness, 

this data shows that Y-doped samples had toughness values within error of the undoped values. 

This result is consistent with the idea that the dopant concentration in this study is too low to 

impact macroscopic mechanical properties. 
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 Previous work indicates that zinc aluminate undergoes a transition from transgranular to 

intergranular cracking with decreasing grain size26. Materials that undergo primarily intergranular 

cracking will naturally exhibit lower toughness with decreasing grain size due to the increased 

population of high-energy grain boundaries64,81,192. This explains the decrease in fracture 

toughness with grain size found in both samples and indicates that higher concentrations of Y3+ 

may limit this reduction in toughness by stabilizing the energetic landscape and improving the 

crack branching behavior as with La3+ in yttria-stabilized zirconia64. 

  

6.4: Conclusions 

The present work reports hardness and toughness values measured by means of 

indentations for undoped and Y-doped (0.5 mol% Y2O3) zinc aluminate. Vickers hardness values 

were around 17.6-18.5 GPa for both samples, indicating that Y3+ segregation to grain boundaries 

has a minimal effect on hardness for the concentration used in this study. However, hardness in 

doped samples before the Hall-Petch inversion (near 28 nm) was statistically higher than in 

undoped samples. This implies that either (1) the low grain boundary area in larger-grained 

samples led to sufficiently high Y-excess at grain boundaries which raised the activation energy 

for grain boundary deformation mechanisms or (2) Y3+ segregated to dislocations and enhanced 

dislocation pinning in zinc aluminate. Microscopy on indentation cross-sections is needed to reveal 

the true behavior. 

Zinc aluminate fracture toughness values were also measured for the first time in this study 

where values ranged between 2.9 and 3.5 MPa∙m0.5 for both sets of samples. A similar conclusion 

was reached here, that doped samples had similar toughness values to their undoped counterparts 

potentially due to low dopant concentrations at grain boundaries. Fracture toughness was found to 

decrease with decreasing grain sizes in both zinc aluminate compositions. Due to previous reports 

of transgranular cracking at low grain sizes in zinc aluminate, this grain size dependence of fracture 

toughness is presumably related to the elevated population of high-energy grain boundaries with 

decreasing grain size. This work suggests that higher dopant concentrations are needed to impact 

mechanical properties which will be the subject of future work. 
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Chapter 7: Conclusions and Future Work 

7.1: Conclusions 

This work focused on analyzing the thermal stability and mechanical performance of 

nanocrystalline zinc aluminate (ZnAl2O4) through the lens of interfacial thermochemistry. The 

stabilities of zinc aluminate surfaces and grain boundaries were tuned using dopant segregation, a 

technique proven to lower interfacial energetics in other nanocrystalline oxides. Molecular 

dynamics simulations on a nanoparticle and two grain boundary structures were used to screen 

four potential dopants for their propensity to segregate to zinc aluminate interfaces. Y3+ was found 

to have the highest segregation energies to both types of interfaces despite having the second 

highest ionic radius; therefore, this was chosen as the dopant for all experimental work. Undoped 

zinc aluminate was synthesized along with zinc aluminate doped with 0.5 mol% Y2O3 to 

experimentally measure grain boundary and surface energies. Water adsorption microcalorimetry 

was used to estimate surface energies of doped and undoped nanopowders, where doped powders 

had lower grain boundary energies around 0.85 J/m2. Doped powder was also found to have lower 

self-diffusion coefficients which, together, led to improved coarsening behavior compared to 

undoped zinc aluminate. Grain boundary energies were measured as a function of grain size using 

differential scanning calorimetry experiments on sintered samples. Similar to surface energies, 

lower grain boundary energies were estimated at each grain size for Y-doped zinc aluminate. This 

behavior was found to result in limited grain growth for doped samples, potentially due to 

favorable thermodynamics and kinetics. 

Previous work on doped nanocrystalline oxides led us to predict that lower grain boundary 

energies could lead to elevated mechanical properties (e.g., hardness and fracture toughness) in 

zinc aluminate. To test this idea, pellets were sintered from doped and undoped powders to 

measure hardness and fracture toughness from indentations. Measured hardness and toughness 

values were similar regardless of the composition which we believe to be due to the low dopant 

concentration (0.5 mol% Y2O3) used in this work. This idea is supported by the fact that higher 

hardness was measured in larger-grained samples: these samples contain lower grain boundary 

area which would result in higher dopant concentrations at each grain boundary. The improved 

hardness was assumed to be a result of either enhanced dislocation pinning from Y3+ segregation 

to dislocations or delayed activation of grain boundary mediated deformation (e.g., shearing and 

rotation. This study also found that fracture toughness decreased with decreasing grain size in both 
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doped and undoped samples. This behavior is likely due to the greater population of high-energy 

grain boundaries found in small-grained samples which facilitate crack propagation. A separate 

study focused on the grain size hardening behavior of zinc aluminate with varying concentrations 

of Al. This study found that Al-rich samples (Al:Zn = 2.87:1) exhibited extended grain size 

hardening compared to stoichiometric samples (Al:Zn = 2.01:1). Al-rich samples were found to 

have a limited number of lateral vents compared to stoichiometric samples; these types of cracks 

are indicative of extensive grain boundary deformation. This led to the conclusion that excess Al 

was primarily located at zinc aluminate grain boundaries which led to enhanced stability and 

postponed grain boundary deformation in these samples.  

 This work provides some insight into the mechanical and thermal behavior of 

nanocrystalline zinc aluminate which can be applied to most nanocrystalline oxides. Conclusions 

from these studies bring us closer to designing the next generation of armored windows, laser gain 

media, and catalysts made from nanocrystalline ceramics. 

 

7.2: Future Work 

Future work on nanocrystalline zinc aluminate will primarily focus on its mechanical behavior 

since there is still a dearth of understanding surrounding the dominant deformation mechanisms in 

the undoped and doped/Al-rich states. Sub-surface cracks were analyzed for Al-rich samples, but 

it is still unclear whether doping with Y3+ has a similar effect on grain boundary deformation as 

Al enrichment. Additionally, the present work did not succeed in analyzing the effects of Y3+ on 

the grain size hardening behavior at small grain sizes. This was due to difficulties associated with 

sintering zinc aluminate to full density at low enough temperatures to limit grain growth. More 

efforts will be made on this end, potentially using sintering aids or higher pressures to ensure 

small-grained samples were fully dense. Follow-up work will also employ higher concentrations 

of Y3+ to analyze its effects on zinc aluminate hardness and toughness at the nanoscale. 

Another focus of future work will be on Al-rich zinc aluminate, particularly looking at its grain 

boundary energies and fracture toughness. Samples rich in Al showed signs of improved grain 

boundary energies, but this was unfortunately not investigated here. If grain boundary energies are 

indeed improved in Al-rich samples, it is possible that these samples may exhibit higher toughness 

and/or a limited grain size dependence of fracture toughness. 
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 To enhance our fundamental understanding of dopant segregation to individual interfaces, 

it would be interesting to conduct a more systematic molecular dynamics study on zinc aluminate 

that spans more dopants and different types of interfaces. This would reveal whether Y3+ 

segregation to zinc aluminate grain boundaries becomes unfavorable with higher misorientation 

angles and would provide useful insights on the dependence of segregation energy on dopant ionic 

radius as well as charge. These results could be applied experimentally to co-dope zinc aluminate 

with several dopants at a time to further stabilize its coarsening behavior and enhance mechanical 

properties. 
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