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 Nanocrystalline oxides can have attractive properties such as high mechanical hardness, 

wear resistance, and high temperature plasticity. Fine (<500nm) grain and pore sizes are also 

beneficial for optical transparency and can help reduce dopant agglomeration beneficial for 

photoluminescence. However, most transparent polycrystalline oxides have large grains 

(>10μm) as a byproduct of their high-temperature fabrication conditions. Use of 

nanocrystalline powders as precursors and reactants seems an obvious choice for producing 

nanocrystalline oxides, but their use is complicated by high surface energies and reactivity with 

the environment. An improved understanding of the reaction and densification of 

nanocrystalline reactants is necessary to produce oxide ceramics of varying grain sizes, 

porosity ranges, and functionalities. 
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 Here, the reaction and densification kinetics of three important oxide ceramics, MgO, 

Al2O3, and Magnesium Aluminate Spinel (MgAl2O4) are studied. Investigations lead to novel 

method to  produce polycrystalline MgAl2O4  via widely available metastable and nanocrystalline 

reactants using current-activated, pressure-assisted densification (CAPAD). First, a 

comprehensive processing and densification study was performed, exploring the effects of 

nanocrystallinity and moisture adsorption on nanocrystalline MgO - which may be used as an 

analogue for alternative hygroscopic oxide systems and is an integral part of synthesizing MgAl2O4 

by reaction densification. Second, the effects of metastability and nanocrystallinity (MgO and 

−Al2O3, <30nm) on MgAl2O4 phase formation, densification, and transparency of CAPAD 

densified reactant powder was considered.  Finally, transition metal doping of MgAl2O4 from 

reactant powder is explored.  

 These results show metastable and nanocrystalline reactant powders combined with the 

flexibility of CAPAD allow for enhanced densification and reactivity. A wide array of 

microstructures, and  new functionalities in polycrystalline MgAl2O4 are demonstrated.  The 

metastable/nanocrystalline reactant powders facilitate comparably low temperatures for product 

formation and full density in MgAl2O4 – with up to 400°C reduction in the temperature for full 

phase formation and 300°C reduction for full density when compared to large-grained, stable 

reactant densification studies. The  microstructural flexibility of this route is also highlighted with 

the production of both fully-dense transparent and robust nanoporous spinels, which 

conventionally arise from entirely different processing routes. Inclusion of transition metal dopants 

with reactant powders yields dense polycrystalline MgAl2O4, capable of  tunability in the visible 

and previously unreported in published literature in polycrystalline form.   
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1. INTRODUCTION TO PROCESSING, DENSIFICATION, AND 

FUNCTIONALIZATION OF BULK OXIDE MATERIALS 
 

1.1 Oxide Ceramic Materials – Introduction/Motivation 
 

Oxide compounds are those which contain a metal or metalloid atom combined with 

oxygen, and are common in many applications. Several common oxide and mixed oxide ceramics 

frequently used in engineering applications include Al2O3, MgO, Y2O3, Y3Al5O12, and MgAl2O4. 

These materials are often produced for extreme applications, where exposure to high temperatures, 

mechanical robustness, and mechanical properties are crucial. Prior use of these materials is vast, 

and includes use in refractories, laser host materials, porous materials, and thermal barriers. 

Powder processing and consolidation (densification) methods for the production of these 

materials are often heavily researched as many different variables exist (processing conditions, 

temperatures, etc.), and manipulation of these variables typically effects the resultant 

microstructure and density of samples/parts – which are typically engineered for specific uses.  

Microstructures with fine-grain sizes have many benefits relevant to engineering 

applications, including enhanced mechanical and optical properties. However, achieving these 

fine-grained microstructures in bulk ceramic oxides is often complicated, as high temperatures are 

often encountered in sintering procedures, which are known to facilitate large grain sizes. In 

addition, fine-grained microstructures generally require use of fine powders – which can be 

challenging to work with due to high surface energies and enhanced reactivity. It is crucial to 

investigate the consolidation of these fine-grained powders, as a better understanding could unlock 

further advances in the production of more robust ceramics that can assist with pushing the 

boundaries of modern engineering and science. 
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The subsequent chapters and sections  of this dissertation include a brief introduction to 

some areas where fine-grained oxide ceramics are used, how they are processed, previous variables 

that have  been explored, and various functionalities of these materials. Within this work, emphasis 

is placed upon grain size and adsorption effects, as several nanocrystalline oxide powders are 

known to be hygroscopic. In addition, an exploration will occur to elucidate the effects of 

nanocrystallinity and metastability on reactivity and densification. Analysis of highly dense, highly 

porous, and doped oxides will also be considered.  

 

 

1.2 Transparent Ceramics 

 

 

For much of the 20th century, the successful manufacturing of transparent polycrystalline 

ceramics was not a reality. The momentous R.L. Coble patent in the early 1960s regarding the 

production of highly dense, translucent polycrystalline alumina showed the potential to produce 

these materials and laid the foundation for future works [1]. Several decades later, the seminal 

work of Ikesue et al. [2] exhibited fully dense, highly transparent, polycrystalline yttrium 

aluminum garnet (YAG) via reaction densification in a vacuum furnace. The resulting materials 

had comparable thermal, and optical properties and superior mechanical properties to that of 

single-crystal  counterpart, cementing the future potential of polycrystalline transparent ceramics. 

There are several technological and economical motivations behind the desire to produce 

these ceramic materials. Most importantly, the fact that they perform significantly better than glass 

in many engineering applications where exposure to high temperatures and extreme conditions are 

common, requiring materials with superior mechanical properties and melting temperatures. 

Another driving force stems from the limited capabilities of single crystal production techniques, 
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which restrict part geometries, require temperatures that exceed melting and involve long durations 

– all of which could be overcome using novel processing and densification routes. 

 

1.2.1  Microstructural Requirements for Transparency 

 

 The previously discussed landmark papers highlight the requirements for transparency in 

polycrystalline ceramics and provide guidelines for future work. When discussing the 

requirements for achieving transparency it is first important to distinguish between cubic optically 

isotropic (n1 = n2) and birefringent optically anisotropic (n1 ≠ n2) materials, as these have different 

requirements for achieving transparency.  

 Figure 1.1 clarifies the effects of birefringence, porosity (density), and grain size on the 

propogation of light through both cubic (isotropic) and birefringent (anisotropic) polycrystalline 

optical materials. In both types of materials high density is crucial, as the interaction between 

light and large pores will lead to scattering caused by changes in index of refraction. If  pore sizes 

remain very small (sub 100nm), the interaction between visible light and the pore is less 

significant and generally yields higher transparency. Figure 1.1c,d highlights the case of optically 

Figure 1.1 Schematic displays the interaction of light with cubic (isotropic, n1=n2 ; a,b) and birefringent (anisotropic, 

n1 ≠ n2 ; c,d) materials, highlighting the effects of pore size and grain size on scattering. Reproduced with permission 

from [3] 
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isotropic materials (ex: Al2O3), where grain size also plays an important role. As light propagates 

through randomly orientated large grains of birefringent materials it will experience a sudden 

change of index of refraction, which causes scattering and will result in a translucent or opaque 

sample (Figure 1.1c). This effect is negligible when the grain size is of comparable size to the 

incoming wavelength of light (Figure 1.1d). In the case of optically isotropic materials (AlON, 

YAG, MgAl2O4), there are no effects of grain size on scattering [3].  

 

1.3 Porous Ceramics 

 

 Porous materials are of interest due to the capabilities of being used in chemical filtering 

and catalytic processes. Use of oxide materials for materials with high porosity are often 

considered due to many different attractive properties, including chemical stability, mechanical 

strength, wear resistance, and high melting temperatures. For example, natural zeolites 

(aluminosilicates) are often used as molecular sieves [4].  

 Spinels are a robust class of oxide materials that have been used in the creation of porous 

materials, with recent advances including include fabrication of hollow nanowires of zinc spinel 

[5], enhanced catalytic behavior in Cu-Al spinel [6], and successful fabrication of spinel 

nanocomposites [7]. 

 The high melting point (2135C), low thermal conductivity, and chemical stability have 

led to the promotion of porous MgAl2O4 spinel for many different applications, however typical 

production methods including foam gel casting [8], [9] and templated growth [10] are complicated 

and typically yield pore sizes well into the micron range.  
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1.4 Densification Methods 
 

 

 There exists multiple routes that researchers have used for achieving oxides of varying 

density and grain size. Pressureless sintering is one of the earliest methods used, where very high 

temperatures and long hold times are typical to achieve full density. Consequently, this method is 

not suitable for producing highly transparent birefringent materials due to favorability of grain 

growth at these temperatures, which yields scattering. However, cubic isotropic materials have 

been successfully densified to high density/transparency using this method, as previously 

highlighted in the YAG work of Ikesue et al. [2].  

 The addition of pressure in the consolidation of powders has been shown to enhance 

densification  by mechanisms such as particle sliding/rearrangement and plastic deformation, 

which are not apparent in pressureless sintering methods. Pressure also is known to affect the 

driving force for sintering, which occurs as a result of surface energy reduction [11]. These benefits 

are significant for acquiring full density and fine grains, which contribute to transparency in both 

cubic isotropic and birefringent anisotropic materials. 

 The advent of hot-pressing of ceramics powders was facilitated by this desire for 

microstructural improvement and control, where the addition of pressure facilitates lower 

densification temperatures and shorter durations than those encountered in pressureless sintering. 

For example, 99% relative density was achieved in pressureless sintered MgAl2O4 after >1 hour 

at 1900°C [12], while full density was achieved comparable powders hot-pressed at only 1450°C 

after 1 hour with minimal pressure (38.3 MPa) [13]. 
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 Although the benefits of pressure in hot-pressing are clear, the slow heating rates used (< 

50 °C/min) present issues with achieving small grain sizes in bulk samples, as they permit longer 

times exposed at temperatures favorable for grain growth. This has provoked researchers to utilize 

current-activated, pressure-assisted densification (CAPAD, also known as spark plasma sintering, 

or SPS) for the flexible consolidation of ceramics of varying grain sizes and densities. A schematic 

for the CAPAD apparatus can be seen in Figure 1.2a. 

 High heating-rates in CAPAD are facilitated by direct-current induced joule-heating 

which flows through the die and plungers (Figure 1.2b) via the copper electrodes, which 

simultaneously apply pressure to the powders. If beginning with nanometric powders, the high 

heating-rates (50-600 °C/min) and applied pressure in CAPAD assist with retention of these small 

grain sizes through reduction in hold temperature and decreased durations at hold temperatures. 

High heating rates facilitate the drastic reduction in time powders are exposed to temperatures 

where coarsening (necking) takes place, resulting in more densification via grain boundary and 

Figure 1.2 a) A schematic of the CAPAD apparatus. B) Powder containing die and plunger assembly. Reproduced 

with permission [11] 
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volume diffusion [11]. Mechanisms for enhanced densification via pressure application have been 

discussed previously. 

 Other methods and routes for the consolidation of transparent polycrystalline ceramics 

also exist, including hot-isostatic pressing (HIP) and combinations of previous routes. These will 

not be thoroughly discussed in this introduction as these methods generally utilize higher 

pressures, temperatures, and complex processing routes. These conditions have been shown to be 

favorable for high transparency, but generally result in significant grain growth [14]. 

 A detailed comparison grain sizes and densities of additive-free MgO retrieved from 

literature can be found in Figure 1.3-1.5, where the benefits of pressure-based densification 

methods can be clarified. A clear difference in the temperatures required to achieved full-density 

can be seen, where full density is achieved at much higher temperatures in pressureless sintering 

when compared to pressure-based consolidation techniques (1300 °C vs. <1000 °C, respectively). 

In addition, the fine grain sizes produced by these pressure-based techniques relative to 

pressureless sintering can be clarified. Lastly, the benefits of CAPAD can be seen by the highest 

densities and smallest grain sizes when compared to the other previously discussed methods for 

powder consolidation. 
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Figure 1.3 Grain size/relative density VS. temperature for pressureless sintered, additive-free magnesia 

 

Figure 1.4 Grain size/relative density VS. temperature for hot-pressed, additive-free magnesia 

Figure 1.5 Grain size/relative density VS. temperature for CAPAD densified, additive-free magnesia 
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       1.5  Densification of Magnesium Oxide 

 1.5.1 Background 
 

MgO is a useful engineering ceramic that has high temperature structural applications as 

well as interesting optical applications[15]–[18]  Consequently, the fabrication of MgO has been 

extensively studied by pressureless sintering, hot-pressing, and CAPAD. Due to of MgO’s high 

temperature resistance, pressure-less sintering typically requires high temperatures (>1300°C) and  

long durations (>1 hr.) for full density, leading to substantial grain growth [>1μm]. For example, 

S. Li et al. fabricated near fully dense (98% RD) magnesia using a two-step free-sintering 

procedure. Despite the reduced grain sizes encountered using this innovative procedure, 

temperatures and durations exceeded 1400°C and 20 hours to achieve near full density, with grain 

sizes exceeding 20 µm [19]. 

 As mentioned previously, the application of pressure in powder densification has 

drastically reduced the temperatures required acquiring full density in bulk ceramics by inducing 

particle rearrangement, plastic deformation mechanisms, and enhancing the driving force for 

sintering [11]. Using the HP technique D. Ehre et al. densified 10nm MgO at 790°C for 4 hours, 

resulting in a sample with (RD) of >99% and a grain size < 100nm. To better understand the effects 

of pressure, experiments were performed from 100 to 200 MPa at a constant temperature and hold 

duration, showing increasing densities and decreased grain sizes with added pressure [20].   

Although the application of pressure in HP generally yields higher densities, the slower 

heating rates and long hold durations encountered with use of the HP technique allow for 

prolonged exposure to higher temperatures. The rapid heating rates facilitated by joule heating and 

application of pressure in CAPAD result in fast processing kinetics and have yielded the potential 

for even finer microstructures and metastable phases. For example, T. B. Tran et al. achieved full 
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density in 10 nm MgO and Ca-Doped MgO at temperatures ranging from 650-800°C using high 

pressure (>300 MPa) and low holding times (5-30min), resulting in samples with high 

transparency and grain sizes from ~25-70 nm. [16]. 

 

1.5.2 Effects of Grain Size on Densification of MgO 
 

 Use of a smaller starting grain size in powder consolidation allows for a considerably larger 

grain boundary area, favorable for enhanced densification due to shorter diffusion distances and 

enhanced grain boundary diffusion. Despite the wide spectrum of available MgO grain sizes that 

are commercially accessible and the known benefits of nanocrystallinity on  densification, 

systematic CAPAD experiments investigating the effects of grain size are lacking. Considering 

alternative consolidation methods, comprehensive studies of grain size effects are still few.  

Grain size effects on the densification of CeO2 by pressureless sintering were studied by 

Y.C. Zhou and M.N. Rahaman, where 10 nm, 100 nm, and 500 nm after pressing to 50 MPa. Upon 

heating at 5 °C/min in oxygen and measuring contraction via dilatometry, it was found that the 

magnitude of densification at a particular temperature was strongly dependent on temperature, 

with the smaller grained powders concluding densification at hundreds of °C less than the 1000 

µm powder (Figure 1.6) [21] 
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 The effects of starting particle size of the consolidation MgO via hot-pressing was studied 

by Itatani et al., where 7 different sized powders were heated to temperatures from 900 to 1300 °C 

under 30 MPa. Shrinkage rate vs. temperature for a constant heating rate (10 °C/min) showed 

lower temperature densification mechanisms active in smaller grained powders,  increasing in 

magnitude with decreasing grain size. Isothermal holds (5 °C /min) at varying temperatures and 

durations yielded higher densities for all powder sizes relative to 250 nm powder, showing highest 

densities achieved using 44nm powder [22].  

 Based off previously discussed examples, it even more clear that the effect of grain size on 

densification is considerable. However, it is important to consider grain coarsening during heating 

when highlighting these works, as the production methods (free sintering, hot pressing) used more 

than likely cause considerable grain growth during densification due to exceptionally low heating 

rates (5-10 °C/min). The higher heating rates typical of powder consolidation in CAPAD could 

potentially elucidate the effects of starting particle size, but this processing method has yet to be 

Figure 1.6 Relative density vs. temperature for CeO2 powder of varying zise, free-

sintered using  heating rate of 5°C/min. Reproduced with permission  [21] 
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utilized for this type of study. Work has been done by Reis and Chaim [23] on densification maps 

for CAPAD of MgO using a previously developed HIP model [24], considering the effects of 

coarsening and grain growth on consolidation. The effects of particle size on relative density at a 

fixed temperature and pressure for a variety of hold times were shown and can be seen in Figure 

1.7. This figure further demonstrates the drastic effects that particle size has on densification.  

However,  but experimental verification is lacking.  

 

 

 

 

 

Figure 1.7 Relative density vs. initial particle size for varying hold durations at 800°C, 100 

MPa. Derived from HIP model [24], with grain coarsening considered. Reproduced with 

permissions from [23] 
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1.5.3 Effects of Humidity on Densification of MgO  
 

It is well-known that MgO powder is hygroscopic – highlighted by Figure 1.8 below, 

showing fully dried MgO nanopowder of varying sizes exposed to air for extended durations.   This 

effect is magnified with very fine powders (high surface area), exemplified by nearly 15% of the 

total mass 20nm powder corresponding to adsorbed moisture after 3 hours. This percent decreases 

as the particle size increases, where the 29 and 42 nm MgO powders have adsorbed nearly 12 and 

5% of their total weight, respectively.  

Accordingly, researchers have realized that the presence of water/humidity can 

significantly affect the sintering of MgO[25]–[27].  Anderson and Morgan found that water vapor 

enhances agglomeration and increases sintering and crystal growth rates—effects attributed to 

enhanced by adsorbed H2O. Large crystallite sizes were achieved in 3 minutes under humidified 

atmosphere, while it took 125 hours in vacuum conditions to achieve crystals of a comparable size 

at similar temperatures [25]. Varela and Whittmore concluded that surface diffusion and particle 

Figure 1.8 Weight % adsorbed V. Time for magnesia nanopowders of varying sizes. 
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rearrangement were enhanced during the free-sintering of magnesia in moistened argon, yielding 

drastic differences in bulk properties of samples produced by the two different methods. 

Experiments performed at 1300 °C for 4 hours in humidified argon resulted in samples with 95% 

and 300nm of grain size, while experiments in dry argon produced samples with relative densities 

of 70% with 52nm grain sizes [26]. 

Recently there has been interest in application of water and other liquid phases to 

dramatically reduce the consolidation temperatures in a process called cold sintering[28].  Luo and 

co-workers also demonstrated impressively low temperatures and short times required to densify 

ZnO using  currents (flash sintering) and ZnO powders that had been exposed to water vapor[29] 

 

1.5.4 Clarification of Densification Mechanisms 
 

Analysis of densification kinetics can clarify the effects that specific variables (i.e. grain 

size, humidity) have on the consolidation of ceramic powders and assist with elucidation of 

mechanisms. Well known HP experiments and models show that using nanocrystalline (nc) 

powders and application of pressure can dramatically increase densification rates. The effect of 

pressure, σ and grain size, d on diffusion-controlled densification rates, 𝜌̇ can be described using 

relations of the form[30], [31]: 

                               𝜌̇ = 𝐶 [
𝐷𝑖

𝑘𝑇
] [𝑓(𝜌)] [

1

𝑑𝑚] 𝜎𝑛                             (1) 

where C encompasses material dependent constants, 𝐷𝑖 is the controlling diffusion coefficient, 

𝑓(𝜌) is a function of the instantaneous density,  m is an exponent usually between 1-3 and n is the 

stress exponent usually between 1-3. 
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 Zhou and Rahaman utilized densification rates to clarify the effects of grain size on 

densification of CeO2, free sintered to temperature at 5 °C/min. Figure 1.9 shows the densification 

rates of 10 nm, 100 nm, and 500 nm powders. The rate of densification increases significantly with 

smaller particle size, highlighted by the near 5 x10-3 min-1 increase in densification rate that occurs 

with a decrease in particle size from 500 nm to 10nm. The temperature at which the maximum 

densification rate occurs also is strongly dependent on particle size, where the 10 nm powder yields 

a max that is approximately 500 °C lower than the curve representing 500 nm powder [21], [32]. 

This increase in rate/decrease in temperature where maximum rate occurs is likely caused by the 

enhanced surface area encountered with smaller particle size, which vastly increases the 

contribution that grain boundary diffusion has on densification [33]. 

 To investigate the differences in transparency resulting from the use of different heating 

rates during the densification of polycrystalline MgAl2O4 made by CAPAD, Morita et  al. utilized 

densification rates. It was found that the magnitude of the densification rate increased  and shifted 

Figure 1.9 Densification rate vs. temperature for CeO2 with varying starting particle 

size. Reproduced with permission from [21], [32] 
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to higher temperatures with increasing heating rate. By correlating the densification kinetics with 

microstructural observations, it was determined that slow heating rates were favorable for pore 

shrinkage, as higher temperature diffusion mechanisms were active for longer durations. High 

heating rates enhanced grain boundary sliding (increased densification rates), but decreased the 

amount of time spent at temperatures suitable for pore shrinkage [34]. 

 Alaniz et al. utilized densification rates better to understand the role of pressure on the 

densification kinetics of metallic, ionic, and covalent powders. Aluminum, silicon, and fully 

stabilized zirconia nanopowders were subjected to a variety of pressures in CAPAD. It was found 

that increasing pressure has a drastic effect on the maximum densification rate, changing by 60% 

when increasing the pressure from 35 to 106 MPa in fully-stabilized zirconia, 80% and 120% in 

aluminum and silicon (respectively) when increasing the pressure from 71 to 106 MPa.  The 

increase in magnitude of the maximum densification rate with increasing pressure was thought to 

be an effect of increased diffusional driving forces. It was also found that the temperature where 

the maximum densification rate occurs did not vary, indicating no change in mechanism [35].    

The real-time output of multiple variables from CAPAD allows for the simple analysis of 

densification rates. The effects of particular r variables in pressure assisted densification 

techniques are not very well studied, and the previously mentioned texts offer some clarification 

on the particular roles of these variables. Despite the known benefits of nanocrystallinity on 

densification and the lack of knowledge regarding what role adsorption has on the densification in 

pressure-assisted methods, there has been little work on the role of grain size or water absorption 

in in-situ measured densification rates. Future chapters will explore the effect of grain size and 

water adsorption on the densification and densification kinetics of nc-MgO densified using 
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CAPAD, in addition to utilizing other characterization methods in conjunction with densification 

rates to understand the dominant mechanisms during consolidation.  

 

     1.6 Processing and Densification of Magnesium Aluminate Spinel 

 1.6.1 Background 
 

Polycrystalline MgAl2O4 spinel has been shown to exhibit robustness in many engineering 

applications due to its high melting temperature, attractive mechanical properties, chemical 

stability, and transparency at many wavelengths. The initial patent involving the processing of 

transparent polycrystalline spinel by Bruch in 1970 [36] paved the way for many researchers and 

led to dozens of publications and several reviews[37]–[41] .  Since then, many different processing 

routes and consolidation techniques have been explored - many with the final goal of achieving 

full density (transparency) and decreasing grain size (enhanced mechanical properties).  

The fast-processing kinetics and applied pressure of Current-Activated, Pressure-Assisted 

Densification (CAPAD) have yielded many materials with high densities and fine grain sizes[11], 

provoking many researchers to utilize CAPAD for achieving bulk spinel. Morita  et al. was able 

to achieve transparency and high bending strength from additive-free, pure-phase MgAl2O4 

powders using low heating rates (<10°C/min)[34], [42].  In an attempt to reduce durations at high 

temperatures, Wang and Zhao succeeded in achieving transparency in additive-free spinel using a 

fast heating rate (100°C/min) and a two-step load procedure [43]. High-pressure (300-400MPa) 

CAPAD experiments of additive-free spinel by Sokol et al.  yielded samples with superior 

transmission, smallest grain size, and excellent mechanical properties when compared to other 

literature of transparent spinel produced from additive-free powders by CAPAD[44].  
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1.6.2 Use of Additives to Enhance Densification 
 

 

The push to achieve higher densities has led some researchers to examine the effects of 

additives on the transparency of CAPAD produced spinel[45]–[48], arguably the most common 

being LiF. As an additive to MgAl2O4, LiF has been proposed to remove impurities from particle 

surfaces which enhances diffusion in addition to enhancing particle rearrangement during 

compaction, both of which may yield higher densities. 

 Despite these benefits, use of LiF to aid densification has been shown to promote 

significant grain growth during densification, which could have negative effects on bulk 

mechanical properties. Frage et al. showed enhanced transparency and significantly larger grain 

size when doping spinel powders with 1 wt% LiF, but failed to see significant differences in 

mechanical properties when compared to the undoped samples produced under comparable 

conditions[45]. However, a more thorough work showed higher hardness (+150HV) and bending 

strength (100% increase) in LiF-free nanocrystalline spinel, despite having inferior transmission 

when compared to 40µm bulk spinel with 1 wt% LiF added[46]. LiF has also been shown to 

degrade transparency by reaction with aluminium in the MgAl2O4  matrix, potentially forming 

precipitates LiAlO2 with insufficient mixing prior to consolidation [49] 
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1.6.3 Processing and Densification of Spinel from Reactants 
 

Challenges existing with commercial availability of MgAl2O4 spinel powder have led some 

to take advantage of the reaction between MgO-Al2O3, both of which are available in a variety of 

different particle sizes and purities. The MgO-Al2O3 phase diagram can be seen in Figure 1.10 

below [50], where the formation of spinel occurs at elevated temperatures upon combining the 

reactants 1 to 1 by mol.  

However, potential issues with the densification of spinel from reactants could arise from 

incomplete reaction, which could yield scattering in bulk samples due to mismatched indices of 

refraction. This led some of the earlier pioneers to employ very high temperatures and additives to 

achieve transparency using free sintering methods. In the work of A. Gatti [12], very high 

Figure 1.10 MgO – Al2O3 phase diagram from [50]. Reproduced with permission. 
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temperatures (1900C), complex firing schedules at long durations, and additives were used to 

achieve densities above 99%. 

Works on reaction densification of bulk transparent spinel utilizing more novel methods 

(HP, CAPAD) are lacking. The use of reactants for spinel formation typically involves pre-reaction 

prior to densification. Alhaji and co-workers used reactants to synthesize sub-micron spinel 

powders, showing enhanced reactivity of the powders in the presence of LiF additive prior to 

densification, and enhanced transparency in the CAPAD samples densified from these 

powders[51].  

          Meir et al. utilized CAPAD to achieve transparency in reaction densified spinel, showing 

similar benefits of LiF as previously mentioned works. Use of additives in the reaction 

densification of ~200nm Al2O3 and >10μm agglomerated MgO yielded enhanced reactivity, 

density, and  transparency at significantly lower temperatures when compared to densification of 

reactants lacking LiF. However, as seen in many of the previous studies involving LiF as an 

additive, grain sizes of bulk samples were well within the micron range [52]. 

The notable work from A. Krell to produce highly transparent, fine grained spinel from 

reactants is one of the only few works involving additive-free reaction densification. Powders with 

particle sizes of 150nm and 2-3μm (Al2O3 and MgO, respectively) were first slip-cast into specific 

molds, annealed to 800°C to burn off any organics, heated at 2 °C /min until ~96% RD, followed 

by HIP at 200 MPa. Upon HIP for an undisclosed duration at 1540°C, a highly transparent (80% 

in-line transmission @ 640nm) spinel with grain sizes ranging from 3-5 μm was produced (Figure 

1.11) [14].  
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Despite the significant benefits LiF has on the densification, transparency, and reactivity 

of spinel from reactants, rapid grain growth occurs in its presence. Additive-free methods that have 

been explored involve complicated procedures and extended durations at high temperatures, also 

resulting in runaway grain growth. Both of these techniques to achieve high densities and the 

resulting large grain sizes can be detrimental to uses involving high mechanical strength.   The 

availability of very fine-grained nanocrystalline reactants and the enhanced densification that 

occurs as a result of nanocrystallinity[53], provides a necessity for further exploration. Future 

chapters will explore the processing and densification of sub 50 nm reactants in CAPAD for fine-

grained transparent spinel. 

 

 

 

 

 

 

Figure 1.11 Transparent spinel sample acquired from HIP of reactants (1.11a), and corresponding microstructure 

(1.11b). [14]. Reproduced with permission. 
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1.6.4 Reaction Kinetics of MgAl2O4 from MgO-Al2O3 reactants 

 

 When considering the densification of MgAl2O4 from reactants, it is important to analyze 

the kinetics of reaction. Numerous reaction kinetics studies have occurred, including classic single-

crystal diffusion couple experiments [54] and polycrystalline diffusion couple experiments  at both 

atmospheric [55] and at elevated pressures  [56]. These studies all indicate a parabolic time 

dependence of spinel growth between MgO and Al2O3 interfaces, indicating diffusion-controlled 

growth. Reaction rate constant (m2/s) for diffusion-controlled growth, k, can be represented by 

equation 2 below: 

                                            𝑘 =
(∆𝑋)2

2𝑡
                                        (2) 

Rearranged, we see the parabolic time dependence between thickness (ΔX) and time (t) in 

equation 3: 

                                            ∆𝑋 = √2𝑘𝑡                                     (3) 

Derivation of activation energies for spinel formation can be acquired by plotting experimental 

values for k at specific temperatures, in the form of ln(k) vs. 1/T by using the classic Arrhenius 

equation: 

                                               𝑘 = 𝐴𝑒𝑥𝑝
(

−𝑄

𝑅𝑇
)
                                      (4) 

Where A is the pre-exponential factor (m2/s),  and the slope of the ln(k) vs. 1/T plot represents a 

ratio of the activation energy (Qa, J/mol) and the ideal gas constant (R, J/mol*K).   
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Despite kinetics experiments occurring with both single crystals and polycrystals, they 

yield comparable activation energies at ambient pressure conditions, ranging from ~520 kJ/mol 

(1560-1750°C, [54]) to ~540kJ/mol (1200-1600°C, [55]). At higher temperatures (1750-1900°C), 

the activation energy was reported as 370 kJ/mol, likely occurring due to a change in diffusion 

mechanism [54]. At higher pressures (1-4 GPa,), Watson and Price experimentally derived an 

activation energy of 473 kJ/mol irrespective of pressure, with the reaction rate constant (k) 

decreasing with increasing pressure [56].   Although  agreements exist amongst reported activation 

energies for spinel formation, differences exist with describing the actual mechanism, with 

suggested controlling mechanisms varying from grain-boundary diffusion [57] to cation 

interdiffusion [55]. 

 Reaction kinetics experiments using powders is minimal, as the literature on densification 

of MgAl2O4 mostly consists of densification of single-phase powder. However, Sinhamahapatra 

used dilatometry and XRD to determine kinetics constants in MgO rich MgAl2O4 from large-

grained (>6 µm) powders and validate a proposed kinetic model, acquiring an activation energy of 

409 kJ/mol [58].  

Although many works have been done studying the reaction between the MgO-Al2O3 

system, a lot of work remains. All works utilize α-Al2O3 in conjunction with MgO, with most being 

classical coupling experiments involving either single crystals or dense polycrystals. In works 

involving powder experiments, the role of alternative Al2O3 phases is unknown and comprehensive 

studies involving nanocrystallinity are lacking.  
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     1.7  Titanium-doped polycrystalline MgAl2O4 

1.7.1  Background  

 

  There are many benefits to using polycrystalline laser hosts over doped single crystals, 

including the many previously discussed technological and economic benefits of using transparent 

polycrystalline ceramics in lieu of single crystals (see section 1.1.1. – part geometry, production 

challenges).  Most importantly, polycrystalline production techniques allow for the potential for 

high dopant concentrations and homogeneous dopant distributions, whereas doping of single 

crystals presents challenges with dopant solubility and  gradients. In addition, polycrystalline 

materials have far superior mechanical properties when compared to their single crystal 

counterparts, which could be beneficial for the use of polycrystalline laser hosts in demanding 

engineering applications. The capabilities of transparent polycrystalline ceramics as viable laser 

hosts was realized shortly after the seminal Ikesue et al. [2] paper demonstrating polycrystalline 

YAG with optical and mechanical properties comparable to that of a single crystal. In a later 

publication, Ikesue et al. also showed Nd-doped polycrystalline YAG with properties equivalent 

or superior to those of a single crystal with similar doping concentration [59]. Since then, there 

have been many works involving many different dopants, host materials, and processing methods, 

with varying levels of success.  

  The use of CAPAD as a method for the production of doped polycrystalline ceramics also 

has many benefits. As previously discussed, the rapid processing kinetics facilitated by high 

heating rates and applied pressure allow for enhanced transparency by retaining small grain and 

pore sizes. When doping polycrystalline materials, the high heating rates and applied pressure 

allow for non-equilibrium processing, resulting in the capabilities to dope with out of equilibrium 

dopant concentrations. For example, CAPAD densified transparent 0.5 at% Tb:Al2O3 yielded high 
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transparency (~75% @ 800nm), long lifetimes, and characteristic Tb3+ emission in a sample doped 

well over the equilibrium solubility limit (~10-3 %) [60]. 

  Of the many successfully doped polycrystalline laser host materials, MgAl2O4 is a 

potentially robust alternative due to its high melting temperature, robust mechanical properties 

cubic crystal structure (no birefringent scattering), and previous success with achieving high 

transparency. These features have provoked the successful CAPAD densification and 

characterization of rare earth doped (Ce3+ [61], [62], Tb3+ [61], [63], Dy3+ [63], Eu3+ [62], Y3+, 

Gd3+, La3+ [64], and Nd3+ [65]) and transition metal doped (Co2+ [66], [67]) polycrystalline spinel.  

 

1.7.2  Ti-Doped MgAl2O4  
 

  Titanium-doped Al2O3 is arguably one of the most commercially successful laser 

materials, outside of the most commercially successful Nd:YAG laser crystal. The excellent 

mechanical and thermal properties of Al2O3 as a host are desired in laser applications. In addition, 

doping Ti3+ into Al2O3  single crystals yields a laser crystal with one of the widest tunable emission 

bands (~600-1200nm), which also provides capabilities for producing very short pulse widths. The 

characteristic absorption and wide emission bands of Ti:Al2O3 can be seen in Figure 1.12.  

  The success of Ti:Al2O3 and the novel dopant characteristics of Ti3+ have provoked some 

researchers to utilize alternative host materials, as this can potentially allow for tunability at 
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different emission ranges and alternative pumping schemes. The short radiative lifetime of 

Ti:Al2O3 (3.85 μs) prohibits the use of flashlamp pumping as short pulses limit their lifetimes due 

to high peak currents, also providing motivation for exploration of different host materials.  

 

1.7.2.1 Ti3+/Ti4+  Absorption  
 

  Doping of single crystal MgAl2O4 has been explored by numerous researchers,  and 

multiple single crystal production methods have been utilized with varying levels of success [68]–

[72]. By use of different atmospheres (air, reducing) during production and annealing of doped 

single crystals, absorption and emission information corresponding to electronic transitions of 

specific titanium valence states has been clarified.  

 Bausa et al. was the first to successfully dope single crystal MgAl2O4 with 0.05at% Ti by the 

Verneuil technique. Transmission measurements of the Ti-doped crystal showed an absorption 

edge starting at approximately 300nm (~4.8 eV) and peaking at 230nm, far from the band gap 

Figure 1.12 Absorption Coefficient/Emission intensity vs. wavelength for single crystal Ti-doped Al2O3 / Retreived 

from [106] with permission. 
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energy of 9 eV. The absorption edge red shifts upon doping and is thought to be provoked by the 

charge transfer bands of the Ti3+ and Ti4+ ions. Two more absorption bands occur at approximately 

490nm and 790nm, corresponding to the T2g → Eg electron transition of the Ti3+ ion (octahedral 

site) and the Fe2+ + Ti4+ 
→ Fe3+ + Ti3+  charge transfer transition, respectively[68]. The large 

absorption band at 790nm is attributed to iron contamination and has been further clarified by 

intentionally co-doping with Fe3+ by Jouni and coworkers [71].  Similar absorption schemes were 

reported Jouni et al., who swept Ti-dopant concentrations in single crystal MgAl2O4 grown using 

the micro-pull down method under argon environment [71], [72]. Slight differences in absorption 

locations in this work were attributed to argon growth environments. The absorption data from 

these works and corresponding electronic transition information can be elaborated upon in Figure 

1.13, The effects of varying Ti-dopant concentration on absorption can be seen in Figure 1.14a. 

 In order to better understand the absorption bands of the two cation valence states, alternative 

production parameters and processing techniques were employed. First, Ti-doped MgAl2O4 single 

Figure 1.13 Absorption for 0.05at% Ti-doped MgAl2O4 single crystals grown by Verneuil 

technique, showing the peak location and corresponding electronic transition responsible for 

absorption. Modified from[68] Reproduced with permission from AIP publishing. 
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crystals were grown under an oxidizing environment via the floating-zone method [69], [70]. Due 

to the oxidizing environment, it was assumed that the titanium ions converted to the Ti4+ state, 

evidenced by no signal being detected from the absorption corresponding to Ti3+ valence state 

(~490nm) and no absorption related to the charge transfer transition of Ti4+ + Fe2+ 
→ Ti3+ + Fe3+ 

(~790nm).  

 Isolation of the two valence states was also achieved by exposure of grown crystals to high 

temperatures for extended periods, as shown in the annealing of Ti-doped crystals grown in 

minimal oxygen environments , where characteristic Ti3+ absorption initially occurred. Upon 

annealing these crystals for 2 hours at 1100C in a reducing environment, Bausa et al. showed an 

increase in the absorption edge (~230nm), a decrease in the 790nm absorption band, while the 

490nm signal attributed to the Ti3+ cation remained unaffected. The simultaneous growth of the 

absorption edge and decrease of the 790nm absorption band is attributed to the redistribution of 

the Ti4+ cations [68]. Oxygen annealing of Ti-doped MgAl2O4 single crystals grown under argon 

environment (initially showing characteristic Ti3+ absorption) was performed by Jouni et al., 

resulting in similar absorption results to that of Ti-doped crystals grown under oxidizing 

environment [71]. Oxygen annealing of these crystals at 1400C for 30 hours resulted in the increase 

of the magnitude of the absorption edge, and the loss of the absorption bands corresponding to Ti3+ 

cation (495nm) and the absorption related to the charge transfer transition of Ti4+ + Fe2+ 
→ Ti3+ + 

Fe3+ (~780nm). The disappearance of these absorption peaks is attributed to the oxidation of the 

Ti3+
 cation (absence of 495nm) and cation redistribution (780nm, previously discussed). A 

comparison of doped Ti-MgAl2O4 crystals as-grown under argon environment and after annealing 

in oxygen can be seen in figure 1.14. 
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1.7.2.2 Ti3+/Ti4+  Emission  
 

  Emission of Ti-doped MgAl2O4 single crystals has been shown to occur by pumping 

within the absorption edge (250-290nm) and by pumping the absorption band at 490 nm. Pumping 

within the absorption edge regime has produced broadband blue (FWHM ~ 100nm) emission 

centered in the visible range from 455nm – 500nm depending on the excitation wavelength, and 

has been reported by all groups [68]–[71] irrespective of production technique. This broadband 

emission seen with excitation of the absorption edge is attributed to the Ti4+ cation instead of the 

Ti3+ cation. First, it appears when pumping the absorption edge for crystals grown in both oxidizing 

and reducing environments. Second, the absorption edge becomes more prominent after annealing 

grown Ti-doped (Ti3+ rich) in both reducing [68] and oxidizing [71] environments, where cation 

redistribution and Ti3+  oxidation occurs. Lastly, it is thought that the blue emission is a result of 

Figure 1.14 Absorption bands of Ti-doped MgAl2O4 single crystals made from micro-pulldown technique with 

varying Ti concentrations, considering two different scenarios. 14a shows the absorption bands of the as grown 

crystal in an oxygen free environment. 14b is the resulting absorption data of these as grown crystals annealed in 

oxygen, showing the absence of absorption bands at 495nm and 780nm. Results in 14b are similar to as grown 

crystals in oxygen environment. Figures modified from [71]. Reproduced with permission. 
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the Ti4+ cation, as similar emission schemes under UV excitation are characteristic of TiO6 (Ti4+) 

octahedral complexes seen in titanium functionalized spinels, zirconates, and stannates [73]. It is 

proposed that the mechanism involves empty 3d orbitals of the Ti4+ ion, that are well hybridized 

with states at the conduction band consisting of surrounding cation orbitals, and a valence band 

consisting of mainly O2- orbitals. Upon excitation, charge-transfer occurs from the O2- (2p)6 

electron into the empty (3d) conduction band of the Ti4+ ion, yielding an excited state Ti3+ ion. 

Blue emission occurs with the radiative recombination of the trapped electron as Ti3+ ion into the 

hole attracted to the nearest O2- ions [69]. 

   Excitation at the lower energy absorption band at 490nm corresponding to the T2g → Eg 

transition of the Ti3+ ion in octahedral sites yields a broad IR emission band that peaks at 805nm 

with FWHM approaching 200nm, which would allow for broader tunability than that of the Ti-

doped Al2O3 laser. However, thermal quenching occurs at room temperature, decreasing the 

overall emission intensity when compared to values at liquid nitrogen temperatures [68]. 

  When pumped within the absorption edge in the UV emission decay has been reported to 

be exponential and have a strong temperature dependence, with decay times decreasing with 

increasing temperature. At 77K, Bausa et al. reported an emission lifetime of 25 μs ( at 465nm) 

[68], whereas room temperature values reported by Jouini et al.[71] and Sato et al [69]. were 

reported as 5.7 μs (at 455nm) and 6.6 μs (at 490nm), respectively. 

   Measuring the emission at 805 nm corresponding to the T2g → Eg electron transition (λexc 

= 490nm)  yields a non-exponential decay time that also has a strong temperature dependence, 

where decay constants decrease with increasing temperature. These values for short and long 

lifetimes from liquid nitrogen to room temperature range from 4.2 – 0.8 μs and 41-10 μs, 

respectively [68]. These lifetime values are slightly larger than the values reported for the 
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exponential decay in the IR of the Ti-doped Al2O3 single crystals at room temperature (3.15 μs, 

λexc = 490nm ), which corresponds to a similar electronic transition [74].  

 

1.7.3  Ongoing Challenges 

 

  One of the biggest issues that exists with the doping of single crystals are the dopant 

gradients that result with production. This issue has been seen in 0.3 at% Ti-doped MgAl2O4 made 

by micro-pulldown technique, where no gradient was seen in the pulling direction, but a large 

gradient seen in the axial direction [75]. In this case, the highest dopant concentration exists at the 

edges with minimal (if any) dopant within the crystal. A similar result has been seen in the case of 

Ti-doped Al2O3 grown by the Kyropolous technique [76]. A schematic representation of this radial 

dopant gradient for the previously mentioned case of 0.3% Ti-doped  MgAl2O4 single crystal can 

be seen in Figure 1.15. 

Figure 1.15 Electron probe microanalysis profile (axial) of 0.3 mol% Ti-doped 

MgAl2O4 spinel single crystal made by micro pulldown technique. Taken from  [75] 

with permission. 
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 Considering the known drawbacks that arise with Ti doping of single crystal MgAl2O4, 

alternative production methods have yet to be explored. The known benefits of using CAPAD as 

a method to produce homogeneously doped, highly transparent polycrystalline materials and the 

wide emission range of Ti-doped single crystals leave room for the exploration. A future chapter 

devoted to this exact topic, exploring the consolidation of Ti-doped MgAl3O4 from nanocrystalline 

reactants, and considerable spectroscopic and microstructural characterization.  
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2.  CAPAD DENSIFICATION OF NANOCRYSTALLINE MGO: EFFECTS OF GRAIN 

SIZE AND HUMIDITY 

 

     2.1 Background 

 

 The use of CAPAD for the production of fully dense MgO was first performed by Chaim 

et al.  [15], who showed transparency and sub 100nm grain sizes at relatively low processing 

temperatures (<800 ºC). Since then, many works have been done in an attempt to enhance 

transparency, including use of very fine grain sizes and high pressures [16], very high temperatures 

[17], and  LiF additives [18].  

 Despite the benefits of enhanced densification with small particle size, little work has been 

done utilizing the high heating rates of CAPAD to explore these effects. In addition, the inherent 

hygroscopicity of MgO and the large amounts of work showing the potential benefit on low 

temperature consolidation (cold sintering) in its presence [28], yield necessity for study.  This 

chapter is devoted to the examination of the effect of grain size and water vapor absorption on the 

densification rates of nc-MgO densified using CAPAD, as little work has been done studying these 

specific variables on the densification kinetics in pressure-assisted densification methods. 

Although the temperatures used here are significantly higher than those used in cold sintering, we 

believe that the water absorption aspects of this study are relevant to cold sintering in addition to 

the densification of MgO in CAPAD. 
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     2.2 Experimental Procedure 
 

Commercially available nc-MgO powder with a nominal grain size of 50 nm (US Res. 

Nano.)  was used. In order to obtain finer powder, commercially available Mg(OH)2 powder (US 

Res. Nano.) with a reported 10 nm  grain size was also used. All starting powders were calcined 

at 500 oC for 2 hours in a box furnace and immediately placed under vacuum and transferred into 

an Ar glove box to prevent surface adsorption of water. The resulting powder from 10 nm 

Mg(OH)2 reaction was planetary ball-milled at 300 RPM for 3 hours, ground using a mortar and 

pestle and sieved through 325 mesh in a glove box.  

In order to study the effect of water content on the densification, the converted  MgO 

powder (from Mg(OH)2 )was exposed to ambient environments for 24hrs. Some of the converted 

powder was exposed to a humid environment for varying durations (1-3hr), in which ambient air 

was filtered and passed through the blubber filled with UHP water with flow-controller.  

0.55 g of powder was packed in a graphite die with a 9.5 mm inner diameter. The die and 

plunger assemblies were uniaxially pressed at 200 MPa for 5 minutes at room temperature prior to 

densification in CAPAD.  The CAPAD parameters were 150 MPa, approximately 180 oC/min to 

700 oC, with a 5 min. hold time at 700 oC. After CAPAD, the samples were polished and 

characterized. The RD of the samples was measured using the Archimedes method and the 

theoretical density for MgO (3.58 g/cm3).   

Densification as a function of time, ρ(t), was measured using the real time data acquired 

during CAPAD experiments and the relation:  

 

                                        𝜌(𝑡) =
𝑚(𝑡)

𝑉(𝑡)
=

𝑚(𝑡)

𝐴𝑐(𝑙0−𝑙(𝑡))
                                       (5) 



 35  

 

where m is mass, V, is the sample volume, Ac is the cross-sectional area, lo initial height and l is the 

height change measured during the experiment. Since the Ac of the die is known, and lo can be 

measured, the denominator in Eq. 2 depends only on the length contraction during the experiment.  

The load frame in our CAPAD instrument has a displacement resolution of 0.0747 μm and a load 

measurement accuracy of 0.4%. As is typically done[11], [35], we removed thermal 

expansion/elastic deformation caused by machine and graphite tooling from l(t) by running blank 

die experiments with the same temperature profile.  

It was expected that the MgO powders exposed to humidity would lose mass during 

densification. To correct the densification curves, the measured chamber pressure was integrated 

to obtain total pressure, normalized, and converted to mass multiplying by the measured mass loss. 

The m(t) data was corrected for time dependent chamber pressure change from system (caused by 

temperature changes and de-gas from the chamber/tooling) by removing data recorded using a 

blank die experiment. 

Acquisition of densification rate curves was performed by taking the derivative of the 

relative density vs. time curves, acquired experimentally by procedures previously discussed.  

 

     2.3 Results and Discussion 

 

To ensure completed reaction of the starting Mg(OH)2 to MgO, DSC-TGA (TA 

Instruments, SDT-Q600) was performed. Figure 2.1a shows DSC-TGA on the starting Mg(OH)2. 

There is a sharp weight loss and corresponding endothermic peak starting around 300 oC, which 

is attributed to the Mg(OH)2 → MgO reaction. Although the weight loss continues until ~700 °C, 

most of the weight loss occurs by ~500 oC. One of the primary goals is to produce MgO with finer 

grains, so choosing a low temperature is crucial to minimize grain growth. To confirm that 500 oC 



 36  

 

for 2 hours in a box furnace are sufficient reaction conditions, we replicated the conditions in the 

DSC-TGA (10 °C/min to 500 °C holding for 2 h); these results are shown Figure 2.1b. The weight 

loss indicates negligible weight loss after 2 hours hold and over 95% conversion.   

SEM Micrographs (Fig. 2.2b) of converted powder reveals very fine grain sizes. The 

histogram shown in the inset show an average grain size, AGS is 29 nm with a tight distribution 

(standard deviation of 13 nm). By contrast the commercially available nc-MgO powder (Figure 

2.2a) has a measured AGS of 42 nm with a broader distribution (22 nm). We consider a 

Figure 2.1 2.1a) DSC-TGA of as-received Mg(OH)2, showing endothermic reaction and weight loss beginning at 

300°C. 2.1b) DSC-TGA of Mg(OH)2 emulating furnace reaction for discussed experiments. 16 

Figure 2.2 SEM of processed MgO powders from as-received 50 nm MgO (figure 2.2a) and reacted 10nm Mg(OH)2 

(figure 2.2b) 17 
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conservative estimate, since only grains that could be clearly identified within SEM resolution 

were counted to obtain AGS.  

To ascertain the absorbed amount of water, the powder was weighed before and after 

exposure to the environment.  The data is reported according to two limiting case conditions: 1) 

Assuming absorbed water remains H2O on the MgO surface and 2) Assuming absorbed water 

reacts with MgO to form Mg(OH)2. The latter is a good assumption since the hydroxylation 

reaction is thermodynamically favorable (ΔG < 0) at room temperature. The results are tabulated 

in two columns, wt% H2O-gained and mol% Mg(OH)2  in Table 1.1. The results indicate 0-17 

wt% H2O or 0-39 mol% Mg(OH)2 . XRD did not suggest the formation of crystalline (MgOH)2 

after the exposure. 

Table 2.1 Summary of 5 samples prepared with varying weight percent of adsorbed species, ordered by wt% adsorbed 

by powder pre-CAPAD. Wt% calculations are both a function of the initial weight (pre-absorption). Mol% Mg(OH)2 

calculations consider all weight gained as contributing to Mg(OH)2 formation. 
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Figure 2.3a,b shows XRD of as-received 10 nm Mg(OH)2 powder and converted MgO 

powder along with ICSD references for comparison. The as-received powder shows only Mg(OH)2 

peaks while  the converted shows only MgO peaks, supporting DSC-TGA data.  Interestingly, the 

XRD profile of the sample densified from 0 wt%-29 nm powder initially showed a different peak 

intensity-ratio compared to the 42 nm powder and MgO standard, indicating preferential grain 

alignment (texturing) in the bulk sample (Fig. 2.3c, No PBM). Planetary ball-milling (PBM) of 

the 29 nm powder prior to densification in CAPAD resulted in a bulk sample with same peak 

intensity-ratio as the standard, solving the texturing issue (Fig. 2.3c, PBM).  XRD of densified 

Figure 2.3 X-ray diffraction of powders and densified bulk samples. ICSD references included 

for comparison. 18 
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bulk from powder with the highest water content, 17.2 wt% initial, shows very minor hydroxide 

peaks indicated by red diamonds.  

Micrographs of fracture surfaces of bulk samples are shown Figure 2.4a,b. Densified 

samples from 29 nm MgO powders with and without exposure to humidity were examined. The 

microstructure is remarkably similar and shows a fine nanocrystalline grain structure.  The AGS 

was measured using the longest distance across a grain for >300 individual grains from each 

micrograph, and the corresponding distributions can be found in the inset.  Interestingly, there was 

no significant difference in AGS and distribution; The AGS = 51.6 ± 18.1 nm for the 0 wt% and 

52.1 ± 21.9 for the 17.2 wt%  sample. 

Figure 2.5 shows the RD of the CAPAD densified samples as a function of grain size and 

dswt%H2O gained. The RD of the sample densified from 42 nm MgO was 93.5 % while the sample 

densified from 29 nm powder was 96%. We attribute the higher density of the latter to increased 

densification rates caused by finer grain sizes as will be discussed below. Although 96% density 

is typically interpreted as 4% porosity, we believe that the porosity in the densified samples could 

be significantly lower. Grain boundary (gb) regions are known to have lower density (more open 

Figure 2.4 Micrographs of fractured surfaces of samples densified from 29nm powder exposed to no humidity (0 

wt%) and for longest duration (17.2 wt%). Grain size distributions are inset.19 
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structure) compared with grain interiors especially in nanocrystalline materials. The RD can be 

lowered even with little/no porosity. In a sample with AGS = 51 nm, a 4% reduction in RD can be 

caused by an effective grain boundary density of 31% of the density of the MgO theoretical density 

(assuming gb thickness = 1 nm) which is in-line with calculations and experimental observation 

of grain boundaries structures in MgO[77]. 

The processing times and temperatures required for densification are in-line with previous 

CAPAD of nc-MgO. Chaim et al. achieved densifying >98% RD of nc-MgO at 150MPa and 825°C 

for 5 minutes [15]. TB Tran and coworkers used significantly higher pressures (300-500 MPa) and 

temperatures ranging from 650 to 800°C and achieved >99% RD with very fine grain sizes ~25 

nm [16].  

Figure 2.5 Relative density of CAPAD processed samples as a function of wt% gained of powder pre-CAPAD 

shown in Fig. 2.5a. The inset shows a picture of a densified sample (0 wt% 29nm MgO) with 9.5mm diatmeter. Fig. 

2.5b) Measured wt% gained of powder before CAPAD vs. sample wt% lost after CAPAD.20 
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The presence of Mg(OH)2 (2.34 g/cm3, 61% of MgO) in the bulk sample can also contribute 

to lower RD. Figure 3b plots the wt% gained by the powder vs. the wt% lost after densification; 

the dashed line represents same wt% lost = wt% gained. We attribute the weight loss to water 

leaving the sample as a result of the conversion of MgO from Mg(OH)2 during the densification 

process. The low wt% samples lost the same wt% as they initially gained, while the higher wt% 

samples retained some of the gained weight, likely as a hydroxide phase.  The conclusion that the 

weight loss was in the form of water vapor is corroborated by chamber pressure measurements 

taken during the CAPAD experiments (Figure 3c). These results show that the 0 wt% samples 

show virtually no increase in chamber pressure, while the 7-17wt% samples have a significant 

pressure rise starting a low temperature ~100 oC and increasing dramatically at ~ 350 oC 

corresponding to the Mg(OH)2  to MgO conversion (Fig. 1a). If we assume that the remaining 

water is Mg(OH)2 after densification (suggested by XRD  shown in Figure 1c, top), the RD of 

composite MgO-Mg(OH)2 bulk samples can be recalculated and is shown in Table 1. 

Recalculation suggests all samples exhibit RD>95%.   

Figure 2.6 Vacuum curve vs. temperature (Fig. 2.6a) and relative density vs. temperature (2.6b) for MgO samples 

densified in CAPAD from powders of varying grain size and wt% gained of H2O. 21 
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A temperature of 700 oC required to densify MgO is surprisingly low given its high melting 

point. However, the grain sizes of the starting powder are fine < 50 nm. Another reason for a low 

densification temperature is the possible influence of gained water or hydroxide which has been 

previously shown to influence densification temperatures in MgO and other oxides.  

Since 7-17 wt% samples have significant weight loss, we used the chamber pressure 

(vacuum) data recorded during CAPAD experiments (Figure 2.6a) calibrated with measured 

weight loss (Table 1) to find time dependent mass, m(t).  The measured chamber pressure was 

integrated to obtain total pressure, normalized, and converted to mass multiplying by the measured 

mass loss. The m(t) data was corrected for time dependent chamber pressure change from system 

(caused by temperature changes and de-gas from the chamber/tooling) by removing data recorded 

using a blank die experiment.  

The RD as a function of temperature is shown in Figure 2.6b. The dry samples (0wt%) 

show small amount of continuous densification that significantly increases at ~500 oC.). These 

curves are similar to densification vs. temperature curves calculated for MgO by Reis and Chaim 

using diffusion HIP equations proposed by Artz [24], modified to include grain growth [23]. Thus 

we believe the densification in our “dry” MgO is controlled by diffusional densification 

mechanisms. By contrast the 7-17 wt% samples have significantly lower onset of densification 

temperatures ~350 oC.  
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In order to further investigate possible mechanisms, we found 𝜌̇ by numerically 

differentiating the ρ(t) curves. The densification rate as a function of temperature for the samples 

with varying wt% H2O is shown in Figure 2.7a. 𝜌̇𝑚𝑎𝑥 vs. homologous temperature, T/Tm  is plotted 

in Figure 4b. The 𝜌̇ of the 0 wt% nc-MgO increases continuously at low T and shows a relatively 

broad peak at ~ 600 oC, 0.21 T/Tm.  The curve shapes are similar to 𝜌̇ vs. T we measured previously 

for nanocrystalline yttrium stabilized ZrO2 (nc-YSZ) and nc-Si [35]. The magnitude of the 

maximum densification rate, 𝜌̇𝑚𝑎𝑥  = 2.7 × 10-3 s-1 for nc-MgO densified from larger grain size 

(42nm) is in the same order of magnitude as that previously measured for nc-YSZ and nc-Si (𝜌̇𝑚𝑎𝑥  

~5 × 10-3 s-1).  The grain size of the starting powder of both nc-Si and nc-YSZ was ~50 nm. By 

Figure XXXX: Vacuum curve and RD VS Temperature Figure 2.7 Densification rate vs. temperature curves for MgO powder samples of varying grain size and wt% adsorbed 

(Fig. 2.7a). The maximum rates of these curves are plotted with respect to homologous temperature in Fig. 2.7b, showing 

the change in the location and magnitude of the maximum rate depending grain size and wt%. Fig. 2.7c shows the 

maximum densification rate as a function of wt% gained. 22 



 44  

 

contrast, 𝜌̇𝑚𝑎𝑥  = 5 × 10-3 s-1 for nc-MgO from finer grain size powder (29 nm) is approximately 

2 times higher.  We attribute higher 𝜌̇ to the finer grain as suggested in (Eq. 1) 

On the other hand, the 7.6 wt% H2O sample shows dramatically different shape of the 𝜌̇ 

vs. T curve compared with the dry 0wt% samples; instead of one broad 𝜌̇ peak, there are now two. 

The peak in the higher T regime is diffusion-controlled densification as mentioned previously. The 

𝜌̇𝑚𝑎𝑥  is located in a similar as the 0 wt%, but there is an additional peak with similar magnitude 

located at 500  oC, 0.18 T/Tm . The two distinct peaks suggest that there are differing controlling 

densification mechanisms in these regions.  In addition, the relative magnitude of these two peaks 

switch, i.e the 𝜌̇𝑚𝑎𝑥 is now at the lower T/Tm regime for the high H2O content samples. 

Interestingly, the curve for higher wt% samples (10.8wt% and 17.2wt%) still shows two peaks, 

but the peaks are more convoluted.  This observation implies that there continue to be controlling 

densification mechanisms, but the dominant densification mechanism is different for samples with 

higher wt% H2O.  Increases in wt% gained increases 𝜌̇  (Figure 2.7c), but do not significantly 

change the location of the peaks, suggesting that the densification mechanism remain the same. 

We attribute this lowered densification temperature to particle/grain rearrangement 

caused/triggered by Mg(OH)2 to MgO conversion. Mg(OH)2 forms around MgO after exposure to 

moisture and during densification. It converts to MgO resulting -54.8% volume change and 

triggers grain rearrangement under uniaxial press to reach higher packing density before the 

volume diffusion as final stage of sintering occurs.  
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     2.4 Chapter 2 Summary and Conclusions 

 

This study demonstrated the role of the grain size and the absorbed water/hydroxide on the 

densification of MgO below 50nm of grain size. The densification of nanocrystalline ceramic 

powders is an important approach to obtain nanocrystalline bulk samples with properties 

significantly different from their larger-grained counterparts.  However, significant reduction of 

grain size increases the specific surface area to a level where surface absorption and formation of 

hydroxide occur, and the influence of those on the densification became more significant. We 

believe the demonstrated results in this paper provide additional insight into the densification of 

nano-ceramic powders.   

 Chapter 2 is co-authored with Professor Javier E. Garay and Dr. Yasuhiro Kodera, and is 

published in Scripta Materialia 2019, 169, 33-37. The dissertation author was the primary 

investigator and author on this paper.  
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3. FROM NANOPOROUS TO TRANSPARENT MgAl2O4 – NANOSTRUCTURAL 

FLEXIBILITY BY REACTTION DENSIFICAITON OF METASTABLE POWDERS 

 

     3.1 Introduction 
 

3.1.1 Motivation 
 

Polycrystalline MgAl2O4 spinel is one of the most important structural ceramics and has 

been shown to exhibit robustness in many engineering applications due to its high melting 

temperature, attractive mechanical properties, chemical stability, and transparency from UV well 

into the IR. Successful examples of highly dense ceramics include near theoretical light 

transparency [14], [78]–[80] and high hardness in extremely fine-grained ceramics [44]. 

Nanoporous ceramics are also extremely important for catalysis[81] and have shown promising 

results for ductility [82]. Notable advances in nanoporous spinels include fabrication of hollow 

nanowires of zinc spinel [5], enhanced catalytic behavior in Cu-Al spinel [6], and successful 

fabrication of spinel nanocomposites [7]. In contrast to dense ceramics, nanoporous magnesium 

aluminate spinel (MAS) has received considerably less attention. However, the inherently good 

chemical and mechanical properties make MAS attractive as a robust nanoporous material.  

The most popular techniques for achieving dense bulk MAS are free sintering, hot pressing 

(HP), hot isostatic pressing of pre-reacted spinel powders [14]. Current-Activated, Pressure-

Assisted Densification (CAPAD) has also successfully been applied [41]–[43], [80]. Due to lack 

of commercially available powders, an alternative approach involving the simultaneous 

reaction/densification of -Al2O3 – MgO in CAPAD was attempted, resulting in highly transparent 

MAS [52]. The resulting grain sizes were well into the micron range, which could prove 

detrimental to hardness due to the well-known Hall-Petch relationship.  

In this work, we chose to use metastable γ-Al2O3 and nano-sized MgO as reactants instead 
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of the stable α-Al2O3 and large-sized MgO. CAPAD was chosen for the consolidation of the 

reactants due to the highly controllable heating rate, pressure, and temperature parameters. We 

hypothesize that use of metastable, nanocrystalline reactants would increase reaction and 

densification rates for two reasons: 1) The inherently small grain sizes (< 30 nm) would decrease 

diffusion distances 2) −Al2O3 is a will utilized catalyst well-known to be highly reactive [83]. We 

show that by understanding both the reaction and densification processes one can utilize the γ-

Al2O3 – MgO nanocrystalline reaction as a platform for achieving either nanoporous or fully dense 

transparent ceramics by simple tuning of processing parameters. In addition, we believe this is the 

first kinetic analysis of the γ-Al2O3 – MgO reaction. 

3.1.2 Previous Work on Densification of MAS for Transparency 
 

Successful CAPAD experiments for the densification of polycrystalline MgAl2O4 typically 

involve methods to achieve transparency, including use of very slow heating rates[34], [42], 

innovative load application techniques [43], and high pressures [44]. To further enhance 

transparency several groups have utilized LiF as a densification additive, which has been shown 

to increase green densities via particle rearrangement during compaction in addition to etching 

particle surfaces resulting in enhanced diffusion. However, use of LiF in CAPAD densified 

MgAl2O4 has yielded very large grain sizes, which may be detrimental to the mechanical properties 

[45]–[48]. 

Challenges existing with commercial availability of MgAl2O4 spinel powder have led some 

to take advantage of the reaction between MgO-Al2O3, where the formation of spinel occurs at 

elevated temperatures upon combining the reactants 1 to 1 by mole. Both individual compounds 

are widely accessible and are available in a variety of different particle sizes and purities. This 

route was first employed via free-sintering, where high temperatures (1900°C) and additives were 
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used to achieve full density [12]. 

Pressure-assisted methods for the consolidation of MgAl2O4 from reactants are sparse as 

pre-reaction generally occurs before densification, with additives and complicated processing steps 

frequently being used to enhance reactivity and final density [51]. The use of hot-isostatic pressing 

(HIP) has been successful with the reaction densification of additive-free, polycrystalline MgAl2O4 

at 1540°C, 200  MPa [14].  HIP in conjunction with the use of smaller-grained, highly-reactive -

Al2O3 as a reactant was  shown to enhance densification rates and yield higher densities at lower 

temperatures in reaction-densified, hot-isostatically pressed (HIP) transparent MgAl2O4 [84], [85]. 

HIP has been shown to yield highly transparent MgAl2O4 samples, but  lengthy  processing steps 

and long durations at high temperatures are typical. Despite the work that has been done using 

reactants for the formation of spinel, none of the works assess the kinetics of reaction.  

The use of CAPAD for additive-free, reaction densification of optical materials has been 

has been shown previously in Ce:YAG [86]. Meir et al. utilized CAPAD for the consolidation of 

MgAl2O4 from large-grained reactants, with LiF and high temperatures used to enhance density 

and ensure complete reaction.[52]. 

The significant benefits LiF/additives have on the densification, transparency, and 

reactivity of spinel from reactants are obvious, but rapid grain growth occurs in its presence. 

Additive-free methods that have been explored involve complicated procedures and extended 

durations at high temperatures, also resulting in runaway grain growth. Both of these techniques 

to achieve high densities and the resulting large grain sizes can be detrimental to uses involving 

high mechanical strength.   The availability of very fine-grained nanocrystalline reactants and the 

enhanced densification that occurs as a result of nanocrystallinity[53], provides a necessity for 

further exploration.  
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 3.1.3 Previous Work on Porous MgAl2O4 

 

Porous MgAl2O4 spinel are often formed using complicated and lengthy processing 

technicques, including foam gelcasting [8], [9], and alumina tempating [10]. A reaction method 

using low-cost bauxite and magnesite minerals was presented by [87]. Although these prior works 

achieved some level of success, large, micron sized pores typically resulted. Use of CAPAD as a 

processing method for porous materials provides enhanced flexibility allowing for control over 

microstructures and grain sizes, and has been successful with creating porous materials of many 

different compositions [88]. However, utilizing CAPAD as a tool for consolidation of porous 

MgAl2O4 has not been considered, and provides necessity for further study. 

 

     3.2 Experimental Procedure 
 

 3.2.1 Powder Processing 

 

10nm MgOH2 (99%, US res. Nano) was reacted in a box furnace at 10°C/min to 500°C in 

air for a total of 2 hours, to ensure full conversion to MgO. The powder was immediately placed 

under vacuum during cooling to decrease potential for moisture adsorption. Thorough analysis of 

the reaction from Mg(OH)2 → MgO can be referred to in chapter 1 of this work. Similar processing 

was used for the preparation of γ-Al2O3 (<50nm, 99.99% purity, Inframat Advanced Materials). 

Upon cooling, powders were weighed 1:1 by mol and planetary ball milled in ultra-high purity 

water using Si3N4 media for 3 hours at 200 RPM. The resulting slurry was centrifuged, fully dried 

in a vacuum furnace, mortar and pestled, and sieved through 325 mesh. To decrease re-

hydroxilation after wet planetary ball milling, the mixed reactants were exposed to a final furnace 

step occurred at 500°C for 2 hours in air. The final powder was placed under inert gas to avoid 
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potential for moisture contamination, vacuum packed for storage, until ready for densification. No 

additives were used in the preparation of nanocrystalline reactant powders.  

 

3.2.2 CAPAD Procedure 

 

 The resulting reactant powder was packed in a graphite die with a 9.5 mm inner diameter, 

inserted into a larger die with 19mm inner diameter. The die and plunger assemblies were 

uniaxially pressed at 100 MPa for 5 minutes at room temperature prior to densification in CAPAD.  

Three series of densification experiments were performed. The initial densification temperature 

sweep was performed at 100 MPa, approximately 180 °C/min to the desired hold temperature, 

with a 5 min. hold time. Densification and reaction kinetics experiments were performed at 100 

MPa, approximately 100 °C/min, with experiments quench cooled or held for 5 minutes.  

Transparent, polycrystalline MgAl2O4 was achieved at 100 °C/min to 1400 °C for 5 min using a 

two-step pressure application procedure similar to what is seen in [43]. The initial pressure (5 

MPa) was maintained until 1350°C, where the final pressure was applied (100 MPa) and the hold 

temperature was reached. All experiments were performed without any densification additives.   

Temperature measurements ≤ 1200°C were taken utilizing a thermocouple touching the 

surface of the graphite die containing powder. For hold temperatures exceeding 1200°C a 

pyrometer was focused through a hole drilled through the larger die assembly, focused on the 

surface of the die containing powder.  
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 3.2.3 Phase and Microstructural Characterization 

 

Sample densities were measured using Archimedes method with ultra-high purity water 

unless porous samples were obtained post-densification, where meticulous geometric 

measurements were taken. Densification rates were measured using similar method that was 

previously discussed in chapter 2 of this work.  

X-ray diffraction (XRD) of powder and bulk samples was performed using a Panalytical 

X’pert x-ray diffractometer. Microstructural characterization via scanning electron microscopy 

was done using a Zeiss Sigma 500 scanning electron microscope. Analysis of grain size occurred 

via measurement of micrographs of fractured surfaces, where the longest distances of a grain were 

measured for 300 random grains, for each micrograph.   

To quantify the amount of reaction that occurred between each temperature step and hold 

duration, the peak areas of peaks from approximately 41-48° were assessed. Peak locations were 

fixed at 43.088°, 44.868°, and 45.806°, corresponding to peak locations of MgO, MgAl2O4, and  

γ-Al2O3 powders, respectively. The phase quantity (mol and volume fraction) at 

temperatures/durations was determined by deconvolution of individual peak areas. Peak areas 

were converted to mol fraction using a calibration curve constructed from XRD measurements of 

powders of precisely measured phase compositions, which can be seen in A-1 of the appendix. 

3.2.4 Transmission Measurements 
 

Transparent MgAl2O4 samples polished using diamond slurry down to 1μm. Subsequent 

In-line transmission measurements were taken of using an Agilent Cary 5000 UV-VIS-NIR 

spectrophotometer. 
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     3.3 Results  
  

 3.3.1 Powder Characterization 
 

SEM micrographs were taken of the processed reactant powders as shown in Figure 3.1. 

The dispersed MgO powder showed a very fine particle size approaching 30nm, and the particle 

size of the dispersed γ Al2O3 was difficult to quantify but appears to be well below 30nm. The 

initial reactant powders are significantly smaller than shown in the work of [52], where ~300nm 

α-Al2O and 10-20 µm MgO agglomerates were reaction densified in CAPAD.   Upon wet mixing 

and concluding processing steps previously indicated, the combined reactant powders appear to be 

comparable in size to that of the initial reactant powders. 

XRD of the processed reactant powder was performed to verify phase purity. The resulting 

2ϴ scan of the reactant powder can be seen in Figure 3.2 where peaks corresponding to MgO and 

γ Al2O3 are shown to align with their respective ICSD references, indicating a sufficiently mixed 

reactant powder that consists of both initial phases. Exposure of the combined reactants to 500°C 

Figure 3.1 SEM Micrographs of starting reactant powders and the resulting processed mixture of reactant powders, 

showing very fine (sub-30 nm) grain sizes. 23 
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for 2 hours in air during processing appears to be low enough to not provoke reaction between the 

two initial phases, as seen by the absence of MgAl2O4 peaks. This temperature and duration are 

also sufficient to react any Mg(OH)2 that may have been present after planetary ball milling in 

water - which has been previously shown to occur spontaneously in nanocrystalline MgO in the 

room temperature and pressure in the presence of H2O [53] 

 

 3.3.2 Analysis of MgO-γ Al2O3 Phase Transformation to MgAl2O4 Spinel 
 

  To better understand the evolution of the reaction between the nanocrystalline reactants in 

CAPAD, no hold and 5-minute hold experiments were performed at temperatures from 550°C to 

1000°C. XRD was taken of the initial reactant powder and samples densified at each temperature 

and hold duration, which can be seen in Figure 3.3. These results show spinel formation occurring 

Figure 3.2 XRD of processed MgO – γ Al2O3 reactant powder 24 
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at an extremely low temperature of 550°C, with  a majority of the reaction completing upon 

reaching 1000°C.  

Figure 3.4a shows mole fractions of MgAl2O4 and the remaining reactants for each 

temperature and hold duration. As temperature increases, the amount of product increases as the 

amount of reactant decreases. At each temperature, the amount of product increases with hold time. 

When 1000°C is reached, nearly 70 mol% of the measured sample was MgAl2O4 after 5 minutes 

(~81 vol%). Larger grained reaction densification experiments in CAPAD showed < 20% relative 

amount of spinel after 1 hour hold at 1000°C [52]. In the kinetics experiments of Sinhamahapatra 

Figure 3.3 XRD of CAPAD samples from  MgO – γ Al2O3 for powders subjected to 0 minute and 5 

minute hold. MgAl2O4 ICSD collection code: 31373; MgO ICSD collection code: 158103; γ Al2O3 

ICSD collection code: 66559 25 
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et al. [58], <10% relative amount of spinel was achieved in free-sintering of micron-sized reactants 

at 1240°C after 5 minutes.  

To clarify the results in Figure 3.4a, the amount of reaction occurring at each temperature 

for a specific time duration was considered.  The difference between mol fractions for 5-minute 

hold and no hold at each temperature is plotted in Figure 3.4b. A considerable amount of reaction 

is shown to occur at 550°C, a result that is corroborated with previous results. The rate at which 

the reaction occurs peaks at 850°C and decreases at higher temperatures, which is attributed to the 

onset of grain growth and a large amount of the reaction already occuring.  

The best available kinetic data for spinel reaction (growth) kinetics is from reactive 

diffusion couples. Isothermal, time dependent reaction has been well studied by various 

researchers, using classic single-crystal diffusion couple experiments [54] and polycrystalline 

diffusion couple experiments  at both atmospheric [55] and at elevated pressures  [56]. These 

studies all found only one reaction product (MgAl2O4) between MgO and α-Al2O3 interfaces with 

a parabolic time dependence of growth, indicating diffusion-controlled growth governed by: 

Figure 3.4 a) Mol fraction vs. CAPAD temperature for product (MgAl2O4)  and reactants (MgO, Al2O3). Experiments 

held at 0 (hollow) and 5 minutes (filled). b) Rate of mol reacted per second for products and reactants  26  
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                                          ∆𝑥 = √2𝑘𝑡                                              (1) 

where k is the growth rate constant (m2/s), Δx is the thickness of the spinel layer (m), and t is time 

(s).  

Time dependent experiments were performed for comparison with previous reactive 

diffusion results by running several CAPAD experiments for varying durations at 700°C. The 

average spinel volume fraction for these experiments and their corresponding standard deviations 

are shown in Figure 3.5a. We developed a simple geometric model (Appendix, A-2) to compare 

expected volume fraction from spinel growth rates. We assumed a planar interface and that the 

reactants, MgO and γ-Al2O3 are both cubes with edge lengths b and growth is diffusion controlled 

(obeys Eq.1). If we further assume that the overall volume of the reactants and spinel product does 

not change, we can write the spinel volume fraction as: 

                                                  𝑋𝑆 =
√2𝑘𝑇 

2𝑏
                                             (2) 

Using a realistic edge length (based on SEM, Fig. 3.6) the data in Figure 3.5a can be fit with 

ranging from 5 × 10−20 m2/s ≤ 𝑘 ≤ 1 × 10−19 m2/s. This range is indicated with red dashed lines 

on Fig. 3.5a. The constant volume assumption is well justified since the volume change from 

reactants to MAS product is less than 2%.  

The diffusion couple work [55] did not study temperatures as low as 700°C, so rate constant 

was calculated by extrapolation using the Arrhenius relationship: 

                                               𝑘 = 𝐴𝑒𝑥𝑝 (
−𝐸𝑎 

𝑅𝑇
)                                      (3) 
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Where R and T are ideal gas constant (J·mol-1·K-1) and temperature (K). Activation energy and 

pre-exponential constant (Ea=540 kJ/mol and A = 1.276 ˣ 103 m2/s, respectively)   from P. Zhang 

et al. [55] was used. The extrapolated reaction rate constant is 1.34 × 10−26 m2/s, which is 6 orders 

of magnitude different from our k values of our time dependent experiments (Fig. 3.5).  

The large difference in reaction rates clearly indicates that the reaction mechanism we 

observe at 700°C are different from those polycrystalline coupling experiments from 1200°C to 

1600°C using − Al2O3 and MgO.  Reaction constants of depend not only on the diffusion though 

the product phase, but on diffusion through the reactants. Thus, we believe the drastic reduction in 

temperature and faster reaction kinetics is due to the structural differences between − Al2O3 and 

− Al2O3. 

− Al2O3 is the most stable alumina phase and has a corundum structure. Both −Al2O3 

and metastable γ-Al2O3 have close-packed O sublattices, but due to the reduced occupancy of the 

Al cation sublattice, γ-Al2O3 has a much lower density compared to α-Al2O3 (3.98 g/cm3 compared 

Figure 3.5. a) Volume fraction MgAl2O4 as a function of duration for reactant powders densified in CAPAD, with red 

dashed lines indicating fits that correspond with minimum and maximum k values. b) Proposed mechanisms for 

enhanced diffusion in MgAl2O4 from metastable/nanocrystalline reactants. 27 
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to 3.66 g/cm3). Although the understanding of the complexity of the structure has been 

continuously evolving [83], [89], γ-Al2O3 can be described as a cubic spinel structure with cation 

vacancies [89]. The high fraction of cation vacancies explains the density difference and strongly 

suggests that cation diffusion through the γ-Al2O3 should be considerably faster than the −Al2O3 

lattice, consistent with the faster kinetics we observe. 

A further cause for the increased reaction kinetics is the similarity between the spinel 

product and the reactant γ-Al2O3 lattice. In the MAS structure base (AB2O4), the Mg cations 

occupy the A tetrahedral and the Al cations occupy the B octahedral sites. In γ-Al2O3, Al occupies 

both A tetrahedral sites and B octahedral sites. The previously mentioned cation vacancies are 

required to ensure the stoichiometry of Al2O3. Considering the very similar base structure, it is 

possible that part of the growth of MAS can be accomplished simply by Mg ions filling the cation 

vacancies in the reactant γ-Al2O3. 

In addition to the faster diffusion and lattice similarities we believe that water/OH 

adsorption on the surfaces of the of the nano-reactants as well as MAS product plays an important 

role on the reaction. MgO nano-powders readily absorb water from the atmosphere and forms 

magnesium hydroxide. We previously showed that densification rates of MgO are strongly 

affected by OH adsorption [53]. Similarly, the reactivity of γ-Al2O3 is known to depend on OH 

contents. Wischert et al. showed that OH groups stabilize (110) surfaces [83]. OH content 

decreases with temperature, making γ-Al2O3 more reactive. Dong et al. showed that hydrogen 

within the bulk structure also helps stabilize the OH on the surface [89]. OH content is also 

important in MAS. Bromiley et al. showed that nonstoichiometric MAS can contain a significant 

amount of OH. Although we did make an effort to reduce OH content by annealing the reactant 

powders in air at 500°C, the powders likely contain residual water. The mechanism for OH 
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interaction in the reaction process is complex and cannot be ascertained with the results here, thus 

future work will be necessary to quantify its role. Fig. 3.5b summarizes the mechanisms 

responsible for the substantially increased reaction kinetics observed here compared to previous 

work.   

 

  3.3.3 Densification Rates of MgAl2O4 From Reactants 
 

Results from section 3.3.2 show that most of the reaction has taken place before 1000°C, 

with the reaction beginning to slow at 850°C. With this under consideration, samples were 

densified in CAPAD varying hold temperature from 1000°C to 1300°C (5 min hold at T) under a 

pressure of 100 MPa to examine the grain growth and bulk density of the densified spinel. Figure 

3.6 shows SEM micrographs of fracture surface of ceramics densified at various temperatures. 

Figure 3.7 shows the grain size and relative density of the densified MAS samples. The grain sizes 

and densities range from 30nm and 65% at 1000°C to 375nm and full density at 1300°C.  

Figure 3.6 SEM micrographs of MgAl2O4 fractured surfaces from CAPAD densified samples heated at ~180-200 

°C/min to temperature for 5 minutes under 100 MPa. 28 
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Fig. 3.6a and Fig. 3.7 show that the sample densified at 1000°C has remarkably small (~ 

30nm) grains. Comparison with initial reactant grain sizes indicates that although the reactants 

have been almost fully transformed to mas, surprisingly little grain growth occurred. Moreover, 

Fig. 3.6a reveals nanosized pores, confirming that the resulting sample is nanoporous spinel with 

a porosity of 35% and grain size of ~30nm. Despite the high porosity, these nanoporous samples 

are quite robust as will be shown in section 3.5.  

Relative densities greater than 95% were achieved at temperatures exceeding 1200°C, with 

near-full density/full density (> 99%) occurring at 1300°C or greater. Grain growth increases 

substantially at temperatures where densities greater than 95% are achieved (1200°C) as expected 

since at these densities, pores are no longer effective grain boundary pins.  The maximum grain 

size is 380nm at >99%  at 1300°C for 5 minutes.  These results vary significantly from previously 

published MgAl2O4 reaction densification values, indicating the benefits of fine-grained reactants 

and CAPAD processing. Experiments where MgO – γ Al2O3 (150 and 50nm, respectively) are 

reaction densified via free-sintering/HIP yielded relative densities >95% at temperatures 

Figure 3.7. Bulk relative density/grain size vs. densification temperature for CAPAD 

densified samples heated at ~180-200ºC/min to temperature for 5 minutes under 100 MPa 29 
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exceeding 1300°C, with grain sizes exceeding 500nm [84]. Reaction densification in CAPAD with 

larger grained reactants in the presence of LiF achieved near full density at approximately 1250°C 

(1600°C with no additive), with grain sizes well into the micron range.  

We also measured the in-situ densification rate of the reaction/densification process. This 

was done by CAPAD processing the reactant powder at a constant heating rate of 100°C/min to 

1200°C under 100 MPa pressure. Thermal expansion of the machine, die, and sample were 

removed by subtracting the crosshead extension data from a blank die experiment utilizing 

comparable heating rates. Relative density vs. temperature was plotted using a live theoretical 

density that considered theoretical densities of each component of the composite at specific 

temperatures, where specific component volume data was acquired via XRD and calibration curve. 

Values used in composite theoretical density calculations for each component  are MgAl2O4 (3.58 

g/cm3), MgO (3.58 g/cm3), and g Al2O3 (3.66 g/cm3). Composite theoretical density versus 

temperature is plotted in the inset in figure 3.8a, where theoretical density decreases with 

increasing temperature (more MgAl2O4 formation). Densification rates were acquired via taking 

the derivative of the relative density vs. time curve.  

Figure 3.8. a) Relative density vs. temperature with inset composite theoretical density vs. temperature for sub 30nm 

MgO +  Al2O3 reactant powder taken to 1200ºC at 100ºC/min, 100MPa. b) Densification rate vs. temperature 

calculated from relative density in fig. 3.8a, with Morita et al. (2009) densification rate of 360nm MgAl2O4 at 

100ºC/min, 80MPa [34]. 30 
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In-situ measured relative density vs. temperature is shown in figure 3.8a. The results show 

that density increases relatively slowly from room temperature to 600°C. A transition occurs from 

~ 600°C – 850°C, followed by a rapid increase in density from approximately 1000°C to 1200°C. 

These changes in relative density vs. temperature can be better appreciated by observation of the 

densification rate vs temperature, shown in figure 3.8b. The regions in the densification rate curve 

that correspond with the previously mentioned regions in figure 3.8a signify different 

densification mechanisms as discussed below.  

Low densification rates from room temperature to ~550°C are attributed to temperature 

activated particle rearrangement. The slight increase in rate from  550-850°C corresponds to the 

temperature range where the reaction rates are highest (figure 3.4b), which we attribute 

densification in this temperature window to particle/grain rearrangement caused by the MAS 

reaction. The maximum densification rate occurs at approximately 1075°C and approaches 4 × 10-

3 s-1. 

  Comparable maximum densification rates have been measured in the work of Morita et al., 

where 360nm MgAl2O4 powder was subjected  to the same heating rate as in this work 

(100°C/min) and 80 MPa in CAPAD. These parameters yielded a maximum densification rate 

approaching 4 ×10-3 s-1 at 1240°C [34], ~165°C lower than measured here. Morita et al.suggested 

that grain-boundary sliding was the predominant densification mechanism, which we also attribute 

to our work. 

It has been previously shown that differences in pressure do not significantly alter the 

temperature at which maximum densification rates occur [35]. However, the size dependent effects 

on the densification kinetics have been previously highlighted by the work of Rahaman [21], where 

the maximum densification rate occurred 500°C less when reducing particle size from 500nm to 
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10nm in CeO2. We attribute the reduction in maximum densification rate temperatures (165°C 

decrease) to the finer grains of the MAS in our work. This can be explained by enhanced surface 

area with decreasing grain size, where dominant densification mechanisms (grain boundary 

sliding) are active that have a strong dependence on surface area.   

 

3.3.4 Transparent Polycrystalline Spinel 

Typical methods for CAPAD densification of transparent MgAl2O4 involve slow heating 

rates [34] or use of additives [45], both of which can yield high transparency but may also yield 

large-grained microstructures. The use of two-step pressure application for the densification of 

transparent MgAl2O4 was shown by Wang and Zhao [43], and allows for use of faster heating rates 

typically seen in CAPAD.  

Transparent MgAl2O4 samples from nanocrystalline reactants were densified using a 2-step 

pressure application method where 5 MPa was applied until 1350°C, followed by 100 MPa at 

1400°C for 5 minutes. This technique was used successfully on two different reactant powders, 

where two different types of MgO powder (30nm MgO reacted from Mg(OH)2, 42 nm MgO)  were 

Figure 3.9. SEM micrograph of transparent MgAl2O4 fractured surfaces, densified using a 2-step pressure application 

(5 MPa → 100 MPa at 1350 ºC) and a 5-minute hold at 1400C in CAPAD. Grain size distributions are inset. Fig. 9a 

densified from reactant powder - 99% Mg(OH)2 → MgO (30 nm) + 99.95% γ-Al2O3 (<30nm) Fig. 9b densified from 

reactant powder - 99.95% MgO (42 nm) + 99.95% γ-Al2O3 (<30nm)    31 
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used in conjunction with γ Al2O3 in the initial reactants. SEM micrographs from these two samples 

can be seen in figure 3.9, where a dense (>99.7%), equiaxed microstructure is apparent with no 

evidence of porosity. Grain sizes of these samples hover around 500nm, which is significantly less 

than reaction densified MgAl2O4 CAPAD experiments that utilize additives for densification (well 

into μm range) [52] – further exemplifying the benefits of very-fine nanocrystalline reactants.  

Reflection-scattering-absorption (RSA) plots including the in-line transmission data (black 

line) for the samples considered in figure 3.9 can be seen in figure 3.10. A detailed explanation 

of the acquisition of RSA plots can be found in [90]. Transparent samples made from 30nm MgO 

(from 99% Mg(OH)2 reaction) (figure 3.10a) and g Al2O3 (99.95%) approach 20% transmission 

at 550nm, whereas samples made from 42 nm MgO (99.95%, as received) (figure 10b) approach 

30% transmission at 550nm. Both samples exhibit high levels of transparency in the near IR, with 

the sample in figure 3.10b approaching 80% at 2500nm. The decreased transmission in the visible 

in figure 3.10a is likely due to considerable amounts of absorption, indicated by the green line. 

Absorption in CAPAD densified MgAl2O4 has previously been attributed to carbon contamination 

Figure 3.10. Reflection-Scattering-Absorption (RSA) plots of transmission data for reaction densified using 

parameters discussed in Fig. 3.9. Fig 3.10.a)  RSA plot of sample densified from reactant powder - 99% Mg(OH)2 → 

MgO (30 nm) + 99.95% γ-Al2O3 (<30nm) Fig 3.10.b) RSA plot of sample densified from reactant powder - 99.95% 

MgO (42 nm) + 99.95% γ-Al2O3 (<30nm) 32 
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and color centers (F+ -center) generated from oxygen vacancies [91], but the exact source in these 

samples is unclear.  Scattering also exists in both samples (magenta line) and could potentially be 

caused by phase segregates yielded by incomplete reaction or slight offsets in stoichiometry. 

However, XRD results of samples at these temperatures indicate phase purity. Modifications of 

the initial reactant stoichiometry have previously been shown to enhance transparency [85] in 

reaction densified samples via free-sintering, although a comparable study in CAPAD has not been 

considered.  

 3.3.5 Compression Testing of Nanoporous Ceramics 

   

To highlight the robustness of the nanoporous samples, several partially dense samples 

were sinter-forged via load and hold experiments at various hold temperatures. The intentions of 

these experiments are not to achieve full density, but to exhibit the capabilities of this processing 

method and the strength of the resulting nanoporous sample post densification. Transparent MAS 

by sinter-forging has been shown in the recent work of Nečina et al.[92], for reference. 

Figure 3.11. a) Compressive strain vs. Time (s) for 3 samples deformed in CAPAD at varying temperatures. b) Sample 

photos, including pre compression and post compression. Deformation temperatures and measured strain values are 

also shown. 33 
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Samples used for load and hold experiments were first densified in CAPAD  at 1000C for 

5 minutes, under 100 MPa. Microstructures of these samples can be seen in Figure 7, where a 

grain size of ~30nm and composite relative density of ~65% were measured. Sample surfaces were 

polished flat and parallel prior to compressive strain experiments.  Figure 11a. shows compressive 

strain for 3 different samples held at specified temperatures while a load of 7.1 kN (initially 100 

MPa, no confining pressure) is applied and held in CAPAD. A clear dependence of temperature 

and compressive strain is apparent, where upon full load application (180s) the sample at 1150 C 

has strained ~15%, whereas at 1050 C only ~3% strain has occurred.  

All samples remained intact regardless of experimental conditions, with no evidence of 

cracking. Figure 11b. shows sample photos post CAPAD densification and after compression 

experiments. The sample compressed at 1150C resulted in ~30% strain in less than 15 minutes and 

yielded a full sample. 

 

     3.4 Chapter 3 Summary & Conclusions 

 

 The results in chapter 3 display the benefits of using nanocrystalline materials for the 

reaction densification of MgAl2O4 spinel, and the overall flexibility of the nanocrystalline 

reactant/CAPAD densification route for the production of samples with varying densities, grain 

sizes and functionalities. 

First, a significant temperature (several hundred °C) reduction for the onset and completion 

of reaction is accomplished. This is likely due to a significant decrease in diffusion lengths 

(powders <30nm), or enhanced reactivity of the nanocrystalline reactants. Whatever the case, it is 

either the previous mechanisms in the diffusion literature appear to not apply at the temperatures 

we are investigating, or the activation energies for formation of spinel from −Al2O3+MgO are 
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different to that of -Al2O3+MgO. These results leave room for subsequent kinetics investigations 

using the -Al2O3+MgO reactant combination.  

Second, the use of nanocrystalline reactants yields enhanced densification kinetics and 

densities at lower temperatures. Maximum densification rates occurred at >150°C less than those 

seen in larger grained MgAl2O4 densification. In addition, full density was achieved at 300°C less 

than comparable reaction densification studies with larger grained reactants/no additives. Reduced 

densification temperatures with smaller grained powders are likely caused by enhanced grain 

boundary dependent densification mechanisms that arise from smaller grain size. These results 

pave the way for possible use of sub 50nm reactants in place of larger grained precursors combined 

with additives, which have previously been shown to have a large effect on grain growth.  

Finally, the flexibility of very fine nanopowders in conjunction with CAPAD processing 

procedures has yielded the potential for spinel with a variety of densities and microstructures, 

shown by highly porous and highly dense transparent nanocrystalline samples. Further 

investigation using reactants of similar grain sizes could enhance the understanding of the reaction 

kinetics and potentially allow for optimization/enhancement of the process. 

Chapter 3 is co-authored by M. H. Shachar, Dr. Yasuhiro Kodera, and Professor Javier E. 

Garay, and is currently in preparation for submission to publish. The dissertation author was the 

primary investigator and author on this paper.  
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4. BROADBAND BLUE EMISSION IN TRANSPARENT, POLYCRYSTALLINE 

TITANIUM-DOPED SPINEL 
 

     4.1 Background and Introduction 
 

 Luminescent oxide ceramics have existing and potential uses for lighting [93], temperature 

measurement [94] and laser gain media [95]. The excellent thermal and mechanical properties of 

magnesium aluminate spinel (MAS, MgAl2O4) have made it one of the most successful high 

temperature optical-structural materials. The light emission properties in spinels have also been 

widely studied. Researchers have explored the doping of MAS single crystals with a variety of 

rare earths and transition metal ions, such as Tb3+ [96], Ni2+ [97], Cr3+ [98], and Mn2+ [72]. MAS 

polycrystalline ceramic doping and PL has also received attention [61], [62], [65]–[67] 

 Successful doping studies of MgAl2O4 single crystals with Ti have shown broadband 

emission, particularly interesting for tunable pulsed lasers   [68]–[72]. These Ti:MgAl2O4 single 

crystals showed broad band emission centered around 455-465nm (FWHM ~100nm) and 805nm 

(FWHM ~200nm) when pumped with 266nm and 532nm, respectively[68], [71].  

 The use of blue luminescence for in-situ temperature monitoring in high temperatures is also 

interesting. Chambers and Clarke [99] showed that low wavelength emission is favorable for 

temperature monitoring because low wavelengths are out of the blackbody background inherent at 

high temperatures. 

 Titanium-doped Al2O3 (commonly known as titanium sapphire) is the most commercially 

successful tunable laser material. Doping Ti3+ into Al2O3  single crystals yields a laser crystal with 

one of the widest tunable emission bands (~600-1000nm), which also provides capabilities for 

producing very short pulse widths . However, the short radiative lifetime of Ti:Al2O3 of ~4 μs [74], 

[100] prohibits the use of flashlamp pumping as short pulses limit their lifetimes due to high peak 
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currents, providing motivation for exploration of different host materials for Ti-doping. In 

addition, alternative host materials can potentially allow for tunability at different emission ranges 

and alternative pumping schemes. Despite the successes with doping of single crystals with a 

variety of dopants, high temperatures (exceeding melting), long durations, and dopant gradients 

(axially and in pulling direction) are often encountered [75], [76]. 

The fast processing kinetics of Current-Activated, Pressure-Assisted Densification 

(CAPAD, also known as Spark Plasma Sintering) can yield doped transparent ceramics with 

homogeneous dopant distribution, out of equilibrium dopant concentrations, and fine-grained 

microstructures. [3], [11]. The capabilities of  CAPAD for producing high quality laser-host 

materials can be seen in the work of Penilla et al., where gain was demonstrated in CAPAD 

densified Nd:Al2O3. Researchers have also used CAPAD for successful consolidation of 

transparent MgAl2O4 with both rare-earth [61]–[65] and transition metal ions [66], [67]. However, 

consolidation of polycrystalline MgAl2O4 doped with Ti has yet to be shown. 

In this work, reaction densification of Ti-doped MgAl2O4 is explored using 

metastable/nanocrystalline γ-Al2O3 and MgO as reactants for spinel formation, and Ti2O3 as a 

transition metal doping source. Previously, reaction densification has successfully produced high 

quality Nd:YAG via vacuum sintering [59] and Ce:YAG by CAPAD processing [86]. Use of 

reaction densification for the consolidation of MgAl2O4 has been previously explored by S. Meir 

et al using α-Al2O3 and MgO agglomerates. However, this method in conjunction with dopants 

remains unexplored. In addition, we are unaware of any published works on the densification and 

characterization of Ti:MgAl2O4 via CAPAD. 
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     4.2 Experimental Procedure 
 

 4.2.1 Powder Processing 
 

10nm MgOH2 (99%, US res. Nano) was reacted in a box furnace at 10°C/min to 500°C in 

air for a total of 2 hours, to ensure full conversion to MgO. The powder was immediately placed 

under vacuum during cooling to decrease potential for moisture adsorption. Similar furnace steps 

were used for the preparation of γ-Al2O3 (<50nm, 99.99% purity, Inframat Advanced Materials). 

Upon cooling, powders were weighed 1:1 by mol and planetary ball milled in ultra-high purity 

water using Si3N4 media for 3 hours at 200 RPM. The resulting slurry was centrifuged, fully dried 

in a vacuum furnace, mortar and pestled, and sieved through 325 mesh. To remove absorbed 

moisture and possible hydroxide phase formation during planetary ball milling in H2O, the mixed 

reactants were annealed at 500°C for 2 hours in air. The reactant powder was stored in vacuum 

until dopant incorporation. 

Ti2O3 powder (Alpha Aesar, 99.8%)  was dry planetary ball-milled for particle refinement 

at 300 RPM for 6 hours, redistributing every hour. The resulting Ti2O3 was incorporated into the 

reactant powder at varying atomic % (0, 0.25, 0.35, 0.75) using mortar and pestle and subsequently 

dry planetary ball milled at 200 RPM for 6 hours, redistributing every hour. The resulting Ti-doped 

reactant powder was mortar and pestled, sieved (325 mesh), and dried in air at 10°C/min to 500°C 

in air for a total of 2 hours. The doped reactant powder was stored in vacuum until densification. 

 

 4.2.2 CAPAD Procedure 
 

The resulting Ti-doped reactant powder was packed in a graphite die with a 9.5 mm inner 

diameter, inserted into a larger die with 19mm inner diameter. The die and plunger assemblies 
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were uniaxially pressed at 100 MPa for 5 minutes at room temperature prior to densification in 

CAPAD.  Transparency in Ti-doped polycrystalline MgAl2O4 was achieved at 100 °C/min to 1400 

°C for 5 min using a two-step pressure application procedure similar to what is seen in [43]. The 

initial pressure (5 MPa) was maintained until 1350°C, where the final pressure was applied (100 

MPa) and the hold temperature was reached. Temperature measurements were taken utilizing a 

pyrometer focused on the surface of the die containing powder through a hole drilled through the 

larger die assembly. 

4.2.3 Microstructural Characterization 
 

X-ray diffraction (XRD) of powder and bulk samples was performed using a Panalytical 

X’pert x-ray diffractometer. Microstructural characterization via scanning electron microscopy 

was done using a Zeiss Sigma 500 scanning electron microscope. Analysis of grain size occurred 

via measurement of micrographs of fractured surfaces, where the longest distances of a grain were 

measured for 300 random grains, for each micrograph.   

4.2.4 Transparency and Photoluminescence Measurements 
 

 Densified samples were polished to 0.5 μm using diamond slurry prior to any spectroscopic 

measurements, to a final thickness of 1.1 +/- 0.05mm. Subsequent In-line transmission 

measurements were taken of using an Agilent Cary 5000 UV-VIS-NIR spectrophotometer from 

300 to 2500nm.   

PL was measured on a Horiba Spex Fluorog 3 Spectrophotometer, with the sample 

measured at 45° relative to the angle of incidence. 
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     4.3 Results and Discussion 
 

4.3.1 Powder Characterization 
 

 Figure 4.1. shows the SEM micrographs of the processed combined reactant mixture (Fig. 

4.1a) along with the as-received Ti2O3 powder pre- and post-planetary ball-milling step (Fig 4.1b. 

and Fig 4.1c., respectively). The dispersed reactant powder showed a very fine particle size, well 

below 30nm. Prior to refinement the Ti2O3 dopant powder particles exceed 1μm, which is reduced 

to <1μm after planetary ball milling for 6hr (Fig. 4.1c).  

Figure 4.1. SEM Micrographs of dispersed reactant and dopant powders. 4.1a) processed, combined MgO +γ-Al2O3 

reactant powder 4.1b) As-received Ti2O3 powder 4.1c) refined Ti2O3 powder, post planetary ball 35 

Figure 4.2. XRD of combined MgO +γ-Al2O3 reactant powder (MgO +γ-

Al2O3) and PBM refined Ti2O3 dopant powder 34  
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 XRD of the processed combined reactant mixture and Ti2O3 dopant was done to ensure 

phase purity prior to inclusion of dopant. Figure 4.2 shows the resulting 2ϴ scan of the combined 

reactant mixture and the Ti2O3 dopant where the peaks corresponding to the ICSD references of 

MgO and γ Al2O3 align with the peaks of the combined rea ctant mixture, and the ICSD reference 

for Ti2O3 aligns with the peaks corresponding to the refined Ti2O3 powder. 

 

4.3.2 Effects of Water Adsorption on Transmission 
 

 Our previous experiments (Chapter 2 and [53]) showed that nanocrystalline MgO powder 

readily gains weight and can be explained by hydroxide formation (hydroxylation) of MgO particle 

surfaces that occurs spontaneously in the presence of H2O. In order to assess the effect Mg(OH)2 

content on the reaction densification process, we exposed reactant powder mixtures to ambient 

atmosphere for prolonged time on the order of months. We will refer to the atmosphere exposed 

powders as high Mg(OH)2 content. 

 Figure 4.3a. shows the CAPAD chamber (gas) pressure vs. temperature of combined 

reactant/dopant powder of varying dopant concentration that has been subjected to a final furnace 

step after dopant incorporation mentioned in section 2.1 (annealed), and a combined 

reactant/dopant High Mg(OH)2 content powder.  

 A sharp increase in chamber pressure is shown at approximately 400°C in the experiment 

using High Mg(OH)2 content powder, whereas the increase in chamber pressure is absent in the 

annealed powder. This spike in chamber pressure corresponds to de-hydroxilation occurring at 

around 400°C, that we showed previously in [53]. Figure 4.3b. shows the effects of this pressure 

spike on the transmission of the bulk samples densified from powders subjected to these two 
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different processing conditions. In the samples densified from the powders which are not 

dried/immediately densified, a drastic decrease (>10%) in transmission arises.  

 We showed previously the effects of moisture adsorption on the densification rates of MgO 

[53], where exposure to moisture can be beneficial by enhanced densification rates due to enhanced 

particle rearrangement facilitated by de-hydroxylation. However, exposure to humidity for 

excessive durations yielded too high Mg(OH)2 content, which was shown to be detrimental to 

densification. Decreased density was also encountered with increasing levels of moisture 

adsorption. This lower density and secondary phase formation is likely the cause of decreased light 

transmission seen in Figure 4.3b. It is also likely that water is adsorbed by γ-Al2O3 as is discussed 

in Chapter 3, and also contributes to increased porosity. The rest of the experiments discussed 

below use doped reactant powders dried well above the de-hydroxilation temperature and that were 

stored under vacuum until densification. 

 

 

Figure 4.3. a) Chamber pressure (Torr) vs. Pyrometer temperature (°C) for annealed (thin line) and high Mg(OH)2 

content (thick line) Ti-doped MAS powders in densified in CAPAD. b) Corresponding Transmission (%) vs. 

Wavelength (nm) for densified samples from annealed and high Mg(OH)2 content Ti-doped MAS powders  36 
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4.3.3 Bulk Sample Characterization 
 

 XRD of all bulk samples is shown in Figure 4.4, where ICSD references of individual 

reactants and MgAl2O4 are included for comparison. No evidence of reactant peaks are seen in any 

of the densified samples, indicating 1400°C for 5 minutes is sufficient for complete reaction to 

spinel regardless of doping concentration. Ti2O3 peaks are also absent in the XRD of Ti2O3 

containing samples, indicating incorporation of the dopant into the host material.  Previous Ti 

doping of MAS using single crystal production techniques showed Ti solubility in MAS. These 

XRD results confirm that MAS can also be doped by a solid-state reaction approach. Ti is 

multivalent and is stable at Ti3+ and Ti4+ and thus it should be more energetically favorable to dope 

onto the Al3+ sublattice in MAS rather than the Mg2+ where it would require charge compensation. 

Figure 4.4 XRD of undoped and Ti-doped (varying concentrations) bulk 

samples densified in CAPAD at 1400C for 5min, 100 MPa. ICSD references 

included for comparison 37 
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 Figure 4.5 shows fractured surfaces for CAPAD densified undoped MAS (Fig. 4.5a) and 

0.75at% Ti:MAS. Both samples have equiaxed microstructures, with measured average grain sizes 

of 480nm and 577nm for undoped and 0.75at%, respectively. Neither sample micrograph showed 

evidence of observable porosity. Our previous results with undoped MAS (Chapter 3) showed that 

the MAS reaction occurs at temperatures below 1000°C, followed by the densification of reacted 

MAS at higher temperatures. Ti2O3 requires relatively low densification temperatures (<1000°C) 

by both conventional sintering and CAPAD [101]. It is likely that the Ti2O3 acts as a densification 

aid so that the doped samples reach full density at a lower temperature resulting in the slightly 

higher average grain size of the doped samples.  

 

 

4.3.4 Bulk Sample Transmission 
 

 In-line transmission vs. wavelength for undoped and doped samples is shown in Figure 

4.6a,  along with sample photos in Figure 4.6b. Reflection, absorption, and scattering all 

contribute to transmission losses. Th ae primary cause for scattering in a well-polished ceramic is 

porosity or birefringence, so high levels of transparency beyond 2000nm for all samples indicates 

Figure 4.5. SEM micrographs of fractured surfaces of CAPAD densified samples from a) undoped MAS powder and 

b) 0.75at% Ti:MAS powder 38 
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low microstructurally induced scattering. There is likely microstructural scattering at low 

wavelengths, but the primary differences between doped and un-doped MAS samples is 

wavelength dependent absorption, as discussed below.  

 An apparent red shift of the absorption edge is seen with increasing dopant concentration. 

Similar red-shifts have been seen in Ti:MAS single crystals [69], [71], and have been previously 

attributed to charge-transfer between Ti3+ and  Ti4+ ions.  

 The large absorption peak centered at ~ 790nm increases with increasing dopant 

concentration and is associated with the Fe2+ + Ti4+ → Fe3+ +Ti3+ charge transfer transition. This 

large absorption peak is seen in all previously doped Ti:MAS single crystal work [68], [71], [72]  

and Ti:Al2O3 [74], [76], [100], [102]. This particular charge transfer transition is the origin of the 

color in “blue sapphire”[103], and can also be seen in Figure 4.6b with increasing dopant 

concentration. Chemical analysis of the Ti2O3 powders indicates <5ppm Fe, which is likely the 

Figure 4.6. a) Transmission (%) vs. Wavelength (nm) for CAPAD densified undoped and Ti-doped MAS of varying 

concentrations. b) Corresponding sample photos for undoped and Ti-doped MAS CAPAD densified samples referred 

to in Chapter 4.  39 
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source of the iron contamination. Ti:MAS single crystals grown in oxidizing atmosphere lack this 

large absorption peak at 790nm [69], [70], as do single Ti:MAS single crystals annealed in oxygen 

[71] after growth in oxygen free environment. The absence of this peak is likely caused by the 

oxidation of the Ti3+ and Fe2+ to Ti4+ and Fe3+ when exposed to high temperatures in the presence 

of oxygen.  

 Absorption corresponding to the Ti3+ cation corresponding to the T2g → Eg electronic 

transition at ~490nm [68], [104], cannot be distinguished in the transmission data.  

 

4.3.5 Photoluminescence 
  

 Figure 4.7a shows an excitation scan with emission held at 455nm. The emission intensity 

of the undoped sample peaks at approximately 240nm, whereas the emission intensity of the doped 

samples peaks at 270nm. Figure 4.7b shows emission when excited with 266nm. Emission of the 

doped samples peaks between 440-455nm, with an FWHM increasing with increasing dopant 

concentration from 162-181nm. Previous works of Ti:MAS grown in oxygen free environments 

show peaks centered from 455nm [71], [72] to 465nm [68]. S. Sawai et al. showed slight deviations 

in peak location with slight offsets in stoichiometry in MgAl2O4, which may explain the slight 

discrepancies with our results[105]. FWHM for Ti:MAS single crystals at these emission locations 

is ~100nm, which greatly differs from these results. The change in shape and width of the emission 

band was shown in the work of Penilla et al. in Nd:Al2O3, where polycrystalline samples were 

significantly more broad than their single crystal counterparts [95]. This change in peak shape and 

width is attributed to multi-site doping, where dopant ions exist within the grain interior, at grain 

boundaries, and at triple points. This feature of doped polycrystalline materials yields possibilities 

for enhanced tunability when compared to single crystals doped with similar ions. Y. Fuimoto et 
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al. suggests the large emission peak centered at ~710nm that exists in the undoped sample and 

decreases with increasing dopant concentration is attributed to a cation deficiency [93]. Figure 

4.7c shows normalized emission peaks of Figure 4.7b, where no significant change in peak shape 

is seen.  

 Bausa et al. reports a very wide emission peak centered at 790nm when pumped with 

532nm, attributed to the T2g →Eg. charge transition of Ti3+ cation [68]. It is unclear whether or not 

the large absorption at this region is causing this lack of measurable emission or the lack of Ti3+ 

ions in our samples. However, when pumped with 532nm, all CAPAD densified samples (undoped 

and doped) show a sharp emission peak at 689nm (Figure 4.8b). When emission is monitored at 

689nm, an excitation scan shows two large peaks centered at ~390nm and 540nm (Figure 4.8a). 

These peak shapes and locations of both excitation and emission scans are nearly identical to the 

results shown in Cr:MAS single crystal spectroscopy shown by GH. Sun et al. [98], with further 

agreement in the emission data from Aizawa et al. [94]. The existence of these peaks confirms that 

Cr can be successfully incorporated into MAS using a solid-state reaction approach. Also, it 

confirms the successful demonstration of Cr,Ti co-doped polycrystalline MAS, which we do not 

believe has been previously reported. Note that this inadvertent Cr doping is not detrimental to the 

purpose of this study, which was obtaining blue emission confirmed in Figure 4.7. It is likely that 

Figure 4.7. Photoluminescence measurements of CAPAD densified undoped and Ti-doped MAS of varying 

concentrations: a) excitation scan, emission wavelength fixed at 455nm b) emission scan, excitation wavelength fixed 

at 266nm c) normalized emission peaks seen in Fig. 4.7b   40 



 80  

 

using purer powders would result in reduced Cr doping and remove the peak centered at 689nm. 

However, it is also likely that co-doped Cr,Ti:MAS could be useful as a multi-wavelength emitter 

operated using distinct pumping schemes. 

  

 

4.4 Chapter 4 Summary 
 

CAPAD densified Ti-doped shows broad band blue emission, with broader peaks relative 

to Ti-doped single crystals. This dopant/host combination are capable of being used in applications 

where tunability in the visible range and short pulse width are necessary. In addition, blue emission 

in conjunction with the high melting temperature of MgAl2O4 yield possibility for integrated 

temperature measurement. 

 The flexibility of using nanocrystalline/metastable reactants and CAPAD is further 

emphasized with the additions of dopant and characterization of Ti:MAS by reaction densification. 

Chapter 4 also further emphasizes the importance that H2O has on the consolidation of 

nanocrystalline oxide materials, observed in the decreased transmission in densified samples from 

powders allowed to adsorb significant levels of humidity. 

Figure 4.8. Photoluminescence measurements of CAPAD densified undoped and Ti-doped MAS of varying 

concentrations: a) excitation scan, emission wavelength fixed at 689nm b) emission scan, excitation wavelength fixed 

at 532nm c) normalized emission peaks seen in Fig. 4.8b 41 
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Chapter 4 is co-authored by Dr. Yasuhiro Kodera, and Professor Javier E. Garay, and is 

currently in preparation for submission to publish. The dissertation author was the primary 

investigator and author on this paper.  
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5. SUMMARY AND CONCLUSIONS 

 

Nanocrystalline ceramic oxides are a broad class of ceramics that are used in many different 

applications, of materials with varying densities, microstructures, and integrated dopants. 

Specifically, Al2O3, MgO, and MgAl2O4 are of interest due to their high melting temperatures and 

mechanical properties, leading to significant use as structural and optical ceramics. However, 

materials processing is typically use-specific, resulting in limited flexibility. In addition, typical 

use-specific consolidation techniques yield materials with large grain sizes in optical materials and 

large pore sizes in porous materials. In this work, we sought out to understand the consolidation 

of very fine nanocrystalline MgO and metastable γ-Al2O3. This work sought to first understand 

the effects of grain size and adsorption on hygroscopic oxide materials, then to effectively reaction 

densify a combination of these oxides to varying densities and microstructures. This route 

exhibited flexibility with the consolidation of fully dense transparent MAS and nanoporous MAS, 

from the same reactant powder. Using the lessons learned with initial densification studies and the 

effects of particular variables, successful inclusion of dopant into the reaction densified host was 

demonstrated and characterized. 

Prior works by Meir et al. [52] showed flexibility of using reactants for the densification 

of MgAl2O4 in CAPAD, although larger grained/stable α-Al2O3 and agglomerated MgO resulted 

in very high temperatures or additives required for full density.  Use of more metastable γ-Al2O3 

in conjunction with MgO as reactants has been explored [84], and showed enhanced densification 

at lower temperatures, but a lack of information exists regarding the reaction evolution and 

kinetics. Use of metastable γ-Al2O3 and very fine nanocrystalline MgO should yield enhanced 

densification and reactivity. In addition, CAPAD has been shown to provide enhanced flexibility 
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in the production of materials with many different microstructures . However, investigations on 

CAPAD densification of this particular combination of powders has not occurred.  

As both of these materials are hygroscopic and < 50nm, Chapter 2 focused on 

understanding the effects of nanocrystallinity and adsorption on densification. It was found that 

enhanced densification rates occurred with decreasing grain sizes. Enhanced densification rates 

were shown at lower temperatures with exposure of nanocrystalline powders to humidity, which 

had detrimental effects on density with increasing exposure. However, short durations of exposure 

to moisture showed both enhanced densification rates and negligible effects on sample densities 

when compared to samples densified from completely dry powders.  

The understanding of moisture effects was crucial to the success of the reaction 

densification in metastable γ-Al2O3 and very fine nanocrystalline MgO – both of which have been 

shown to have very active surfaces capable of adsorption. Chapter 3 showed the reaction 

densification of dry, metastable/nanocrystalline reactants yielded enhanced reaction and 

densification at significantly lower temperatures than previously experienced in larger grained 

experiments – provoked by cation vacancies in  γ-Al2O3 and defected non-stoichiometric 

MgAl2O4, similar structures in γ-Al2O3 and MgAl2O4, and short diffusion distances in 

nanocrystalline reactants. The flexibility of this particular route was shown in the production of 

materials of very high densities, or partially dense materials with nanopores. 

 The capabilities of this route were further exemplified by inclusion of dopant into 

mentioned reactants, which has yet to be attempted using metastable reactants and CAPAD. 

Chapter 4 focused on the doping of metastable/nanocrystalline reactant powder with Ti, which 

has been previously shown to have broad emission in Ti:Al2O3 and could potentially yield broad 

emission at different locations or allow different pumping schemes upon doping in alternative 
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hosts. Polycrystalline Ti:MAS was shown to have broad blue emission, with wider emission than 

single crystal counterpart – likely due to multi-site doping.  

This work demonstrated the capabilities of hygroscopic, metastable, and very fine 

nanocrystalline powders for the flexible consolidation of MgAl2O4. These processing techniques 

and findings will likely be advantageous to any materials scientist working with 

nanocrystalline/metastable oxide powders, porous materials, or highly dense materials.  
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APPENDIX 
 

A-1  MgAl2O4 Calibration Curve 
 

  

 

 

Figure A-1. Mol ratio vs. Peak Area ratio for varying mol% of MgAl2O4, mixed with equal mol% reactants. Fitted 

line provides estimate of mol ratio MAS corresponding to particular peak area measured using XRD. 42 
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 A-2. A Simple Geometric Model to Determine Kinetics of Spinel Growth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-2. Simple geometric model for spinel growth, assuming planar interface and diffusion-controlled 

growth. 43 
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