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ABSTRACT 

 
 Polycrystalline ceramics used for infrared transparent windows have a great 

advantage over their single crystal counterparts.  In these materials, grain size plays an 

important role on the transparency and mechanical durability of the windows.  Through 

the use of unique nanomaterial processing techniques, a magnesium oxide - yttrium oxide 

nanocomposite material has been studied. 

 The main purpose of this study was to establish a correlation between powder 

characteristics and the final grain size of a sintered compact.  Powders synthesized by 

two methods were studied.  First, a common hydroxide precipitation method was used to 

synthesize the MgO-Y2O3 nanocomposite powders.  Second, a reverse micelle synthesis 

method was used to prepare the MgO-Y2O3 nanocomposite powders.  The stability of the 

reverse micellar system was explored and correlations were established between the 

solution molarities and successful powder synthesis.  It was discovered that a molarity of 

0.3 M in the AOT-isooctane-water system was within stable parameters.  Both methods 

were successful in the synthesis of powders with mean particle sizes less than 100 nm. 

 After synthesis, the powders were characterized by X-ray diffraction (XRD) for 

phase, purity, and crystallite size; dynamic light scattering (DLS) for particle size; 

transmission electron microscopy (TEM) for powder morphology; and BET for surface 

area.  The powders were then consolidated. 

 The sintering of the powders was accomplished by spark plasma sintering (SPS), 

using high pressures, between 300 and 500 MPa.  Densities were measured by using an 

immersion technique.  High resolution scanning electron microscopy (SEM) was 

performed on fracture surfaces to analyze grain size.  The high pressure SPS method 

resulted in densities of approximately 90% of theoretical and final grain sizes of about 60 

nm. 
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INTRODUCTION 

 Many materials have been successfully used for infrared (IR) sensor protection 

applications, however, they can often be difficult to manufacture and/or expensive. 

Cheaper and easily processed materials can be processed into IR transparent windows 

and domes, but their durability and/or stability is often poor for the conditions these 

windows must endure.1-7  Windows and domes on missiles are more than likely to be 

exposed to abrasive materials while flying through the air at high velocity, which can 

cause erosion and other damage on the surface of the window. Surface roughness can 

contribute to a loss of IR transmission and can also result in larger more catastrophic 

failure of the window component. 

 Since materials will only transmit a range of IR radiation, the proper material 

must be chosen for a given application. For missile guidance systems the 3-5 µm range of 

the IR spectrum is the range in which the homing device of passive IR ‘heat seeking’ 

missiles is designed to operate. Detectors will recognize the IR signature of the target, 

perhaps an aircraft, since this is the range of radiation given by the jet engine exhaust 

plume. For greater thermal tracking devices, the detector must operate within the 8-12 

µm range. The range of 8–12 µm is known as the "thermal imaging" region.8  This is the 

region in which sensors can obtain a completely passive picture based on only thermal 

emissions and requiring no external light. 

 An extensive review of materials used for IR windows has been conducted by 

Harris.1  This review focuses on the properties of 3–5 µm infrared-transmitting window 

materials, with an emphasis on durable materials for applications in environments 

involving moisture, solid and liquid particle impact, elevated temperatures and rapid 

heating rates. The optical, mechanical, and thermal properties are compared for MgF2, 

aluminum oxynitride, sapphire, spinel, MgO, Y2O3, calcium aluminate, SiO2, CaF2, LiF, 

ZnS, ZnSe, GaAs, GaP, Si and Ge. 

 Magnesium oxide can be used as an IR window material, since it transmits IR 

radiation within the range of 3-5 µm and begins absorbing radiation around 6 µm.  The 

mechanical properties, however, tend to be lower than some of the other choice materials.  
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From Knoop hardness indentation, MgO has a hardness of 690 kg/mm2.9  The coefficient 

of thermal expansion (CTE) is 11×10-6 K-1, which has an impact on the thermal shock 

resistance.   

 Yttrium oxide is another common material used for IR window applications.  The 

IR transparency range is similar to MgO.  Yttria will transmit radiation between 3-5 µm.  

The Knoop hardness has been observed up to 720 kg/mm2, similar to the hardness of 

MgO, and the CTE is around 6.5×10-6 K-1.10   

 Due to the lower CTE of Y2O3, making a composite of MgO and Y2O3 will 

improve the thermal shock resistance of the window.  A bi-phase compact will aid in the 

hindrance of grain growth during sintering.  In a composite material, composed of 

materials with a large index of refraction difference, the grain size plays an important role 

on the IR transmission behavior.  It is known that the lower range of IR transmission can 

be extended in media that have a feature size of less than one-twentieth the wavelength of 

interest. In the case of these consolidated polycrystalline materials, the feature size is the 

diameter of the grains.  For a polycrystalline isotropic single-phase material, the optical 

properties are not impacted by grain size.  The optical properties of a polycrystalline 

anisotropic material will behave similarly to those of a composite material, in that grain 

size will have an effect on the transmission range. 

 Nanomaterials are known to possess novel or improved properties due to 

enhancements associated with grain-boundary/surface phenomena.  The materials of 

interest may exhibit enhanced mechanical, magnetic, high-temperature, and/or optical 

properties, as well as excellent catalytic properties.  Seal et al.11 and Mayo et al.12 discuss 

the challenges that must be overcome for wide-spread use of nanomaterials. Namely, new 

manufacturing techniques are required for these materials that are both economical and 

capable of producing large amounts of nanopowders, proper handling and storage 

procedures need to be developed, and investigation of current sintering techniques as well 

as development of new sintering techniques are required. 

 Mayo et al.12 describe the scale-up of two synthesis processes used for making 

larger quantities of nano-powder, namely gas phase condensation and wet-chemical 

techniques.  Both processes can produce large quantities and are easily scalable.  Gas 

phase condensation is often done in a flame, requiring oxygen to burn, which is beneficial 
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for the formation of oxides.  The two most popular wet-chemical techniques are 

precipitation of hydroxides from salts and alkoxide hydrolysis (sol-gel synthesis).  

Precipitation is, by far, one of the simplest methods to achieve nano-size particles.  

Magnesium oxide, doped with zinc oxide, has been precipitated in water and ethanol, but 

at temperatures around 80°C to change reaction kinetics.13 

 Reverse micelle synthesis is a recent novel approach to achieve nano-size 

particles.14,15  Other specific techniques proven to be capable of synthesizing nano-

crystalline oxide ceramics include chemical vapor synthesis16 and combustion 

synthesis,17 to name a few. 

 Reverse micelle synthesis is a technique that is being utilized because it can 

produce particle sizes in the nanoregime.  This synthesis technique involves water, oil, 

and surfactant.  Without the surfactant, these micellar structures cannot form.18  The 

surfactant surrounds the aqueous phase.  It accomplishes this by surrounding the droplets 

of water with a hydrophilic head and a hydrophobic tail.  If a greater quantity of water 

were present, the small oil droplets would be surrounded by the tails of the surfactant, 

creating a microemulsion.19  Since the purpose is to produce reverse micelles, the oil will 

make up the majority of the liquid phase.  The surfactant will then surround the water 

droplets with the heads facing inward.  These reverse micelles are much smaller, and the 

size is much easier to control.  Figure 1 shows water domains with magnesium ions 

stabilized in a spherical arrangement by a surfactant within an oil matrix. 

 After synthesis, part of the challenge is keeping these materials nanograined when 

consolidated into a bulk specimen.  In many cases, traditional sintering techniques are not 

suitable for doing this.  Spark plasma sintering uses the simultaneous application of 

uniaxial pressure and an electric current, which creates rapid Joule heating and 

densification, schematically shown in Figure 2.  The electric current has been shown to 

modify the reactivity of several solid-state systems, but is not a well understood 

phenomenon.20  Important parameters include the peak temperature, heating rate, and the 

applied pressure.  The work of Anselmi-Tamburini et al.21 showed that in the case of 

zirconia, the temperature was significant in determining densification and the final grain 

size.  The heating rate and sintering time appeared to have little effect on the final density 

or the grain size.  The pulsing pattern also had no influence, agreeing with the work of 
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Chen et al.22  The applied pressure had a significant influence on density, but not on the 

grain size in their study. 

 

 

Figure 1.   Diagram of reverse micelle water domains in a continuous oil phase. 

 

 

Figure 2.   Spark plasma sintering mechanism, in which pressure and current are 
simultaneously applied for the fast sintering of powders. 

 

 Agglomeration has proven to be a problem with nano-sintering.23,24  This problem 

has been mostly addressed through better synthesis and processing of nano-powders.  

This may not be as much of an issue with spark plasma sintering, since under pressure-

sintering, large pores can be eliminated rapidly.  It has been shown that it is not possible 
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to attribute the closing of the inter-agglomerate pores to simply breaking of the 

agglomerates under pressure.12   In the meantime, it has become apparent that the time of 

pressure application appears to be important.  In some cases, high density can be 

achieved more easily if the pressure is applied after the sintering temperature has been 

achieved, since the sample will be more susceptible to plastic deformation at higher 

temperatures.  However, other material systems may behave differently depending on 

their properties (e.g. temperature, strain rate, grain size, etc.).  

 When the nano-structure of materials is retained through consolidation, the 

properties are often improved.  In particular, unusually high strengths can be achieved 

while maintaining reasonable ductility and toughness.  Dutkiewicz et al.25  showed that 

by decreasing the crystal size below 80 nm in titanium, a Ti-Ta-Nb alloy was capable of 

achieving yield strengths that were higher by a factor of 3 compared to the original 

material.  In the case of nanocrystalline zirconia/spinel composites, strength was 

increased by a factor of 2.5 to a value of 2.2 GPa.26  SPS of ZrO2(Y2O3)/Al2O3 

composites resulted in a nano-structured material with a hardness value of approximately 

14 GPa, fracture toughness around 6.6 MPa•m1/2, and flexure strengths around 1 GPa.27  

Another study on zirconia showed that the best hardness and fracture toughness results 

were obtained for SPS conditions yielding the smallest grain size of less than 100 nm.28 
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BACKGROUND 

A. Synthesis of Magnesium Oxide 

 Historically, magnesium oxide is obtained from processing magnesite-containing 

materials, such as dolomite.  The magnesium carbonate, from these materials, can be 

decomposed by thermally treating to temperatures above 400°C.  These starting materials 

often contain impurities, so various chemical methods have been developed to leach and 

separate the impurities.29-33  Seawater is another magnesium containing source and can be 

used for the production of magnesium oxide.34,35  Magnesium metal can be another 

precursor material used in the production of magnesium oxide.  The metal can be 

oxidized in air,34,36-38  or dissolved in an acid and precipitated.39  Other methods capable 

of synthesizing magnesium oxide are from thermal decomposition of salts,40 sol-gel,41-44 

and molten salts.45 

 The most popular route for the production of magnesium oxide is the wet 

chemical precipitation method.  Magnesium cations in solution combine with an oxygen 

containing anion, to form a solid precipitate, which can be collected and further 

processed, if needed.  Magnesium salts, such as magnesium nitrate,32,46-50 magnesium 

chloride,49-51 magnesium sulfate,32,49 and magnesium acetate,32 are dissolved in an 

aqueous solution or ethanol.  An alkaline solution such as sodium hydroxide,50 

ammonium hydroxide,32,46,48,50,51 ammonium hydroxide carbonate,47 or sodium 

carbonate,49 is added to precipitate magnesium hydroxide or magnesium carbonate. 

 Additions of surfactants and polymers during the precipitation process can yield 

various final morphologies.  The addition of cetyl trimethylammonium bromide, CTAB, 

leads to the formation of ordered arrays, namely platelets of 1 µm diameter and 100 nm 

thick.52  The addition of polyethylene glycol results in nanoplates of thickness 20 nm and 

a length of 100 nm, with the 001 plane being the larger surface.48,51  Additions of 

polyvinyl alcohol lead to nanosized platelet-like structures, but introduces porosity.46  An 

addition of poly(vinylpyrrolidone) leads to flowerlike structures with high surface area.53 

 Precipitation without the use of polymer additives can yield varying results in 

powder morphology as well.  Final structures depend on the precursor materials used.  In 
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the case of precipitation from magnesium salts and ammonium hydroxide, platelet 

structures are likely to form.  Specific surface area and apparent density of final powders 

differs slightly.  The trend in surface area and apparent density from magnesium 

containing salts is as follows: sulfate > nitrate > acetate, according to Alvarado et al.32 

Another study on the effect of precursor materials by Henrist et al.50 confirms platelet-

like morphology through the use of nitrates, chlorides, and ammonium hydroxide.  They 

find that a sulfate precursor leads to a “harder” agglomerated powder.  Driving the 

synthesis with sodium hydroxide promotes a globular, cauliflower-like agglomerated 

powder.  The work of Llama et al.49 on catalytic properties of magnesium hydroxide, 

shows that calcined precipitates from magnesium nitrate, sulfate, and chloride have 

similar specific surface areas, when the synthesis is driven by sodium carbonate, but 

porosity is rather apparent. 

 There has been much research on the heat treatment temperature for the 

decomposition of magnesium hydroxide to magnesium oxide.  Heat treatment 

temperature and conditions are important for obtaining high purity magnesium oxide free 

from hydroxide impurities.  The most common characterization techniques used to study 

the decomposition are differential thermal analysis/thermo-gravimetric analysis 

(DTA/TGA),32,33,51,52 Fourier transform infrared spectroscopy (FTIR),48,49,52 and X-ray 

diffraction (XRD).32,33,48-52  DTA and TGA are often run simultaneously, and provide 

insight on weight loss and heat flow.  FTIR analysis is able to distinguish particular 

bonds in a material, by obtaining absorption spectra affected by characteristic bond 

vibrations.  These absorption spectra could, for instance, provide insight on the amount of 

hydroxide impurities in a sample, by studying the intensity of the hydroxide bond 

absorption peak.  XRD characterization is useful for determining the phase purity of a 

specimen.  Materials have a unique diffraction pattern depending on their crystal 

structure, therefore one may determine the phase present given a distinctive pattern.  

XRD can be used to confirm the phase purity and crystallite size. 

 A normal TGA curve will show an endothermic peak at temperatures less than 

200°C, which corresponds to a dehydration process of surface adsorbed water.  A second 

endothermic peak is seen at temperatures between 350 and 500°C.  Depending on 

precursor materials used, this peak corresponds to the decomposition reaction.  The 
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theoretical weight loss for the Mg(OH)2 to MgO+H2O decomposition reaction, which 

should occur at these temperatures, is 30.8%, confirmed by TGA analysis.32,33,51,52  This 

method is best used in conjunction with XRD, to confirm the complete decomposition 

and purity of final product. 

 The heat treatment temperature plays an important role on the powder’s 

processing behavior and ultimately, the sinterability.  Too high of a calcination 

temperature will lead to a significant amount of crystallite growth and particle necking 

(agglomeration), which can be unfavorable in certain situations.  It has been found that 

heat treatment temperatures between 600 and 1000°C are adequate.32,33,54 

B. Synthesis of Yttrium Oxide 

 Yttrium oxide can also be synthesized by precipitation methods.  This has been 

proven successful by many researchers.55-58  This method of synthesis involves the 

dissolution of large yttrium oxide particles in nitric acid and subsequent addition of a 

base to precipitate yttrium hydroxide.  This hydroxide can then be calcined for the 

decomposition into Y2O3 with much smaller particle sizes than the starting material.  

Tool and Cordfunke55 discovered that the precipitating agent (ammonium hydroxide or 

ammonium carbonate) and concentration plays a large role in the sinterability of the 

powder.  This is likely due to difference in particle size between the powders prepared 

using the two different precipitating agents.  However, the authors did not explore this 

effect. 

 Huang et al.56 performed synthesis using the same method as described 

previously, however, they examined the particle size and morphology of the powders.  

They determined that pH during synthesis and calcination temperature plays an important 

role on the particle size and effectively on the sintering behavior.  By using a pH of 8, 

particles had a narrow size distribution and were loosely agglomerated.  Using a pH of 10 

resulted in larger particles, large size distribution and severe agglomeration.  A 

calcination temperature of 1000°C was determined to be optimum.  Temperatures less 

than this resulted in powders so fine they were difficult to press to high green density.  

Temperatures greater than 1000°C resulted in large particles, broad size distributions, and 
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severe agglomeration.  Having severe agglomeration lead to the formation of large pores 

during sintering. 

 Wen et al.58 studied the effect of mixing process on the particle size and 

morphology of yttria.  They discovered that when adding the precipitating agent to the 

solution containing the metal ions the particles were platelet-like and agglomerated.  

When reversing the mixing process the precipitated particles were less platelet-like, 

larger, and more agglomerated.  In most cases, platelet-like powders sintered worse than 

spherical powders, due to packing inefficiencies.  However, in this case, the platelet-like 

structure (made by adding the precipitating agent to the metal ion containing solution) did 

not seem to impact the sinterability of the powders, in fact they sintered better.  This 

could be due to the small particle size and less severe agglomeration. 

 Sohn et al.57 discovered that concentration of yttrium ions during synthesis affects 

the final particle size and morphology of the precipitated yttria.  By using molarities 

between 0.005 and 0.025 M the final particle size is 65 to 140 nm, relatively uniform in 

size, and spherical.  Increasing the concentration lead to agglomerated particles with a 

much larger particle size. 

 In summary, pure and sinterable yttria can be synthesized by simple precipitation 

methods.  Precursor types, concentrations, and calcination temperature, are parameters 

that must be controlled for the fabrication of desired powders. 

C. Synthesis and Importance of the Magnesia-Yttria System 

 A composite material is comprised of more than one phase material.  These 

materials must not be soluble in one another and maintain minimum interaction.  Phase 

diagrams are the most valuable resource when determining the interactions of multiple 

materials.  The phase diagram for MgO and Y2O3 can be seen in Figure 3.59   It shows 

that under 2110°C MgO and Y2O3 does not interact to form a significant solid solution.  

This means there is little interaction of the two phases, which makes it possible to form a 

composite. 
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Figure 3.   Phase diagram of the magnesia-yttria system.59 

 

 The methods used for synthesizing nano-composite oxide ceramic systems are 

many and include spray pyrolysis, hydrothermal synthesis, chemical vapor deposition, 

solid-state reactions, hydroxide precipitation, combustion, thermal decomposition, and 

sol-gel.  Some of these methods can be costly, complex, have low yields, or be difficult to 

control.  There are significant challenges that must be overcome to provide precise 

control over composition, phase homogeneity, particles size distributions, and 

morphology.60 

 The most common method utilized for the production of MgO/Y2O3 nano-

composite powders is a combination of sol-gel and thermal decomposition.61-65  Four 
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precursor materials are used: magnesium nitrate, yttrium nitrate, magnesium acetate, and 

yttrium acetate.  A combination of two out of the four precursor materials, in the desired 

mixture ratio and dissolved in water will allow for ionic level mixing.  The solution is 

then dried and calcined to decompose the precursor materials into an oxide.61-64  This 

method produces a nanocomposite with extremely good mixing, however, the powders 

are agglomerated.  This agglomeration appeared not to create difficulties during sintering 

to densities of 99.5% by hot isostatic pressing.63  This leads one to assume that the 

agglomeration is soft and can be easily eliminated under high pressures. 

 Advantages to using a nano-composite are made evident by the improvement of 

the mechanical properties and the preservation of optical properties of a consolidated 

specimen.  This has been seen in the case of the MgO/Y2O3 system, where the 

mechanical properties are greater than that of each individual constituent and the optical 

properties are maintained.61,62,66-70  By intermixing two phases, the grains of each phase 

will pin the boundaries of the other phase, thus inhibiting grain growth during high 

temperature consolidation.71 

D. Reverse Micelle Synthesis of Oxide Ceramics in the AOT-Isooctane-Water 
System 

 Reverse micelle systems have been studied for many years, as made apparent 

through the multiple reviews available.72-77  The reverse micelle system, consisting of 

water droplets stabilized in an isooctane oil matrix through the use of sodium 

sulfosuccinate (AOT) surfactant, has been studied extensively.78-82 

 Due to the extremely small size and dynamic nature of a reverse micelle, 

obtaining an understanding of the system in-situ is difficult, therefore certain 

characterization techniques must be used.  One such method is to synthesize a material 

inside the micelle, and study its structure and morphology after removal from the system.  

This method is possible, but due to the dynamic character of the system throughout the 

synthesis process, it is difficult to extract important information.  One method that is 

becoming essential to the study of reverse micelle systems and microemulsions is 

dynamic light scattering (DLS).83-88  This technique allows for the dynamic testing of 

micelle sizes within the liquid system. 
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 In all reverse micelle systems there are many factors that can control the behavior 

of a reverse micelle.  The major parameters that can influence one particular system’s 

behavior are water-to-surfactant ratio and ion concentration within the water droplet.  

Many have studied and confirmed the fact that water-to-surfactant ratio can change the 

size and shape of the particles.72-77,83,89-93  Gardner et al.94 have performed molecular 

dynamic simulations to study reverse micelle size and shape as effected by the water-to-

surfactant ratio of the AOT-isooctane-water reverse micelle system.  All have found that 

when the amount of water increases in the system, the reverse micelle size increases.  

Bohidar et al.83 performed a controlled DLS experiment displaying this trend. 

 Characterizing the change in shape of a micelle is a difficult task.  The simplest 

way is by performing a precipitation reaction in the micelle and studying the resulting 

microstructure of the product.  It has been seen that a change in water-to-surfactant ratio 

also plays a role on the shape of a precipitated material.  It was discovered in the work by 

Chen et al.,95 on the synthesis of GeO2, that a low water-to-surfactant ratio results in 

small spherical particles, increasing the value increased the size of the particles, and 

increasing even further resulted in rod-like particles, as illustrated in Figure 4. 

 

 

Figure 4.   The effect of particle size and morphology of GeO2 based on varying 
water-to-surfactant ratio during synthesis.95 

 

 Although the majority of reverse micelle synthesis research has been focused on 

metals, oxides have been synthesized by this technique as well.14,84-88,91,93-99  Some of the 
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oxides that have been synthesized successfully include ZrO2,84,85,94,100 GeO2,93,95 

Y2O3,14,88 ferrites,86,91,97 TiO2,96 BaTiO3,88 SnO2, CeO2, and ZnO.85 

 One particular study of interest was performed by Sun et al.98 where they were 

able synthesize a WO3:ZrO2 biphasic material using the AOT-isooctane-water system.  

This procedure was identical to a normal synthesis involving only one precipitant.  

However, it included another reactant for the synthesis of the second component.  This is 

important, since it demonstrates the ability to synthesize composite materials by the 

reverse micelle technique. 

 Collection of the materials synthesized within the micelle has proven to be a 

difficult task.  Obtaining a nanoscale monodispersed material is simple, however, the 

removal from the reverse micellar system is the difficult part.  The steps to extract the 

material from the system and remove impurities almost always leads to agglomeration of 

the powders.85,100  To synthesize and collect pure and unagglomerated oxide powders, a 

washing procedure is important.  It was seen in the work by Singh and Graeve100 that the 

solvent used during cleaning influenced the purity of the final powders.  They found that 

hydrogen peroxide was effective at removing the AOT from the surface of the particles.  

However, the centrifugation steps cause agglomeration into larger particles.  This is 

believed to be due to a tangling of the surfactant chains, as illustrated in Figure 5. 

 Something to note is that product yield is extremely small, due to the large 

volume of oil and small concentration of ions within the water.  To perform 

characterization of the material that involves larger amounts of powder, a scale-up 

method must be developed to produce a sufficient amount of homogeneous product.  

Efforts to overcome this challenge are seen in the work by Morrison et al.101  Normal 

bench-top synthesis calls for less than 1 L of solution.  Scale up has been successful to 

nearly 30 L of solution.  The solvents, which make up most of the volume, can also be 

recycled up to 90% efficiency. 
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Figure 5.   Tangling of surfactant chains during centrifugation leading to 
agglomeration.100 

 

E. Spark Plasma Sintering of Optical Ceramics 

 Spark plasma sintering (SPS) is a process that is comparable to hot-pressing (HP).  

Both cases use a cylindrical graphite die in which powder is loaded and a uniaxial 

pressure is applied while experiencing high temperatures at the same time.  The main 

difference between HP and SPS is the heat source.  For instance in HP, temperatures are 

obtained through resistance heating of the elements surrounding the die.  On the other 

hand, SPS uses the application of current directly through the powder bed.  High heating 

rates can be achieved through SPS up to 400°C/min, whereas the highest obtainable 

through HP is typically around 30°C/min.102 

 A recent review paper by Munir and Quach103 shows the trend of papers 

published about SPS to be rapidly increasing over the past three decades, starting at less 

than 10 in 1993 to over 400 in 2008.This paper also addresses and discusses the basic and 

important aspects of SPS.  The most important aspects of SPS are the pressure, heating 
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rate, and current.  It was concluded that the pulse pattern of the current had less of an 

effect on sintering. 

 Pressure exhibits an important role in sintering as has been demonstrated in the 

literature.  Guillard et al.,104 studying SiC, discovered applying pressure at different 

temperatures influenced different densification behavior.  By applying a pressure of 75 

MPa at the sintering temperature, higher densities were achieved compared to applying 

the pressure at a lower temperature.  They attributed this to a difficulty in removing 

closed porosity after application of pressure.  However, in a similar experiment, Chaim 

and Shen105 found that the temperature at which pressure is applied during the 

consolidation of yttrium aluminum garnet had no effect on the density, but the 

temperature played a role in the final sintered grain size.  Applying the pressure before a 

particular temperature (1375°C) resulted in a smaller final grain size.  Pressures applied 

after that temperature resulted in large grains.  They attributed this to particle coarsening 

at the lower temperatures and concluded that application of pressure at temperatures 

before substantial coarsening occurs would be beneficial for the suppression of grain 

growth in the dense specimen. Makino et al.,106 investigated ultrafine alumina and 

discovered that pressures of 100 MPa would suppress grain growth during sintering, 

whereas 30 MPa would not. 

 In a spark plasma sintering study of yttria stabilized zirconia by Quach et al.,107 it 

was discovered that pressure plays a role on the densification depending on what 

sintering temperature is used.  They found that for a temperature of 980°C the pressure 

played a large role on final density, increasing from 78% to 96% when pressure was 

increased from 150 to 700 MPa.  When a temperature of 1180°C was used the pressure 

had an insignificant effect on final density, going from 97% with 150 MPa, to 100% with 

700 MPa. 

 Chaim and Margulis108 developed SPS densification maps for nanocrystalline 

MgO.  They modeled the case of MgO, at any given pressure, and assumed that the 

sintering is initially dominated by plastic flow, then by diffusion.  In the first stage of 

sintering, the densely packed powders densify through deformation at the necks between 

adjacent particles. This increases the number of necks per grain until porosity is closed.  

In the second stage densification is dominated by plastic deformation, and diffusion 
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mechanisms through the lattice and along the grain boundaries.  Grain growth 

mechanisms are ignored due to the short sintering cycles.  Also, other non-densifying 

sintering mechanisms are neglected due to the relatively low temperatures used in SPS.  

 Heating rate also plays an important role in sintering.  In theory, high heating 

rates reduce the time powders experience lower temperatures.  Non-densifying grain 

coarsening mechanisms (e.g., surface diffusion and vapor transport) are dominant at 

lower temperatures.103  In practice, conflicting results are seen.  In one case, for the study 

of alumina, the heating rate (50-700°C/min) had no effect on final density.109  In another, 

a negative effect was seen, meaning a high heating rate resulted in lower density.110  In 

both cases, an effect on grain size was seen, where higher heating rates resulted in a 

smaller final grain size.  Under high-pressure conditions, in the sintering of YSZ, the 

heating rate had no effect on the densification, but also resulted in smaller grain sizes 

with higher heating rates.107 

 Inconsistencies on the effect of pressure and heating rate are most likely due to 

differences in materials’ properties (i.e. bonding type) and perhaps experimental 

uncertainties.  Over the range of materials studied, the effective thermal and electrical 

conductivities vary, which gives rise to differing temperature gradients in the samples.  

The timing and rate of pressure application is likely to cause varying results as well. 

1. SPS of Optical Ceramic Oxides 
 Optical transparency can be achieved in polycrystalline ceramic oxides if the 

material is fully densified and all scattering sites are minimized or removed completely.  

Spark plasma sintering has been used with success for the fabrication of transparent 

polycrystalline ceramics.  Some optical materials being sintered by SPS include, but are 

not limited to, zirconia,102,111 alumina,112-116 yttrium aluminum garnet,117-119 magnesium 

aluminum spinel,120,121 aluminum nitride,122 hydroxyapatite,123 mullite,124 lutetium 

oxide,125 magnesia,108,126 yttria,127 and a magnesia:yttria composite.67,70 

 Liu et al.67 were able to sinter by SPS a 50:50vol% MgO:Y2O3 composite 

powder, with particle size around 100-300 nm, to densities higher than 97.5% and grain 

sizes around 180 nm.  The pressures used were 50 MPa and 100 MPa, and a heating rate 

of 100°C/min, to temperatures of 1150-1350°C.  This study determined the effect of 

powder agglomeration on the ability to achieve high densities.  They discovered that as-
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received agglomerated powders could only sinter to densities of 98.6%, however, when 

agglomeration was lessened and particle size was monodispersed, by ultrasonic horn 

treatment (USH), the highest achievable density was 99.4%.  As expected, the sintered 

specimens of USH treated powders also displayed greater transmittance data than 

untreated powders.  This is due to higher densities, small grain sizes, and uniform 

microstructure. 

 A similar study by Jiang and Mukherjee70 determined that the infrared 

transmission results were excellent, which they attributed to small grain sizes and 

homogeneity of the microstructure in the same system.  Temperatures used were between 

1200-1600°C, heating rates of 80-200°C, and dwells between 3-8 minutes.  The pressure 

used was 80 MPa.  Longer dwells improved transmittance, but when an annealing step 

was implemented after sintering, the % transmittance values of the sintered specimens 

increased and were equal, regardless of the dwell time.  They also determined that overly 

large grain size degraded the transmittance. 

 Since it was discovered that the smaller grain sizes lead to more desired optical 

characteristics of composites and anisotropic materials, methods to keep the grain size 

small during densification have been explored.  With recent abilities to achieve pressures 

greater than 150 MPa in the SPS, the effect of high pressure was explored.  After the 

introduction of a double die design utilizing graphite, silicon carbide, and tungsten 

carbide components, the pressures obtainable in the SPS increased dramatically.128  A 

figure of the double die setup can be seen in Figure 6. 
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Figure 6.   High pressure SPS die.128 

 

 Some optical ceramic oxide materials being studied in high pressure SPS 

experiments include alumina,112,113 yttria-stabilized zirconia,129 hydroxyapatite,123 and 

zirconia.111  Grasso et al.112 discovered that fully-dense alumina could be obtained with 

no considerable grain growth using HIP and SPS at temperatures 200°C lower than 

conventional sintering methods, due to the pressure assistance in densification.  When 

alumina was doped with magnesia, the grains grew significantly with an increase of 

pressure at 1200°C, but at a temperature of 1100°C the grain size was not affected by the 

pressure.113  Tamburini et al.,129 studying YZS, obtained dense specimens with a final 

grain size of 50 nm by utilizing a pressure of 800 MPa.  In the case of hydroxyapatite a 

pressure of 500 MPa could fully densify the material at 700°C whereas 1000°C was 

needed for 75 MPa.  The grain growth was also limited greatly when using the higher 

pressures.123 
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EXPERIMENTAL PROCEDURE 

A. Solution Synthesis 

1. Chemical Precipitation 
 The materials used for this synthesis process are listed in Table I.  To synthesize 

MgO, magnesium nitrate is added to a beaker of de-ionized water to achieve a molarity of 

1 M.  To synthesize Y2O3, yttrium nitrate is added to a beaker of de-ionized water to 

achieve a morality of 0.1 M.  A combination of magnesium nitrate and yttrium nitrate is 

used as the precursor for the synthesis of a composite of MgO-Y2O3.  A total molarity of 

0.5 M is used for this case.  These solutions are stirred for 30 minutes. 

 

Table I.  List of Chemicals Used and Their Suppliers 

Chemical Name Common 
name 

Chemical 
Formula Purity or Conc. 

Magnesium (II) nitrate 
hexahydrate *  Mg(NO3)2•6H2O 98% 

Yttrium (III) nitrate 
hexahydrate *  Y(NO3)3•6H2O 99.90% 

Ammonium hydroxide *  NH4OH 28-30% Conc. 

2,2,4-trimethylpentane ** Isooctane C8H18 99+% 

Docusate Sodium Salt ** Na-AOT C20H37NaO7S meets USP testing 
specs 

*    Alfa Aesar, Ward Hill, MA 01835 
**  Sigma-Aldrich, St. Louis, MO 63103 

 

 An excess of five times the required amount (for complete hydroxylation of metal 

ions to a solid hydroxide) of ammonium hydroxide is then added drop-wise, via burette, 

to the stirring solution.  Upon complete addition of ammonium hydroxide, stirring 

continues for 30 minutes. 
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2. Spray Precipitation 
 To synthesize the MgO-Y2O3 using spray precipitation, the magnesium nitrate 

and yttrium nitrate solution is prepared identically to chemical precipitation method.  An 

excess of five times the required amount of ammonium hydroxide is added to de-ionized 

water to achieve a 50% dilute solution.  The nitrate solution is sprayed into the stirring 

ammonium hydroxide solution, using a spray bottle.  Upon complete addition, stirring 

continues for 30 minutes. 

3. Collection and Washing 
 A high-speed centrifuge with a maximum rotor radius of 115 mm (Centrifuge 

5810, Eppendorf, Hamburg, Germany) is used for the collection of powders.  The 

solution is then poured into vials and centrifuged at 9000 rpm for 1 minute.  The 

supernatant is then decanted and the precipitate is left on the bottom of the vial.  Ethanol 

is added to the vials that are then shaken and ultrasonicated to de-agglomerate and 

remove any remaining ions.  This is centrifuged again, and the solids are then scooped 

from the vials and allowed to dry.  Upon significant drying, the hydroxide powders are 

ground using a pestle and mortar. 

4. Milling 
 The uncalcined powders must be milled to homogenize the mixture of the two 

phases.  Approximately 10 g of powder is added to 80 mL of methanol.  This mixture is 

added to a polyethylene plastic bottle with 3 mm zirconia milling media added ¼ the 

height of the bottle.  The speed is adjusted to the point where cascade milling occurs. 

5. Reverse Micelle Synthesis 
 For reverse micelle synthesis a continuous oil phase is required, 2,2,4-

trimethylpentane (isooctane) is used. Docusate sodium salt (Na-AOT) is used as the 

surfactant, which will create stable domains of water within the system.  The ratio of 

isooctane to water is 28:1. A water-to-surfactant ratio of ωo=10 was chosen after a series 

of various ratios were tested (ωo=10, 12.5, and 15).  A molarity of 0.3 M was chosen for 

the synthesis conditions after multiple molarities (0.05-0.7 M) were explored. 

 To create the stable reverse micelle solution, two solutions were prepared and 

combined.  The first solution was isooctane and Na-AOT.  This was allowed to stir for 30 
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minutes.  The second solution was water, magnesium nitrate and yttrium nitrate, which 

was also allowed to stir for 30 minutes.  The nitrate solution was then added to isooctane 

solution.  This combined solution was stirred for 2 hours, to ensure equilibrium had been 

reached.  After 2 hours, the solution was translucent.  DLS analysis of the solution at this 

point was conducted to measure the size of the reverse micelles. 

 To precipitate the Mg2+ and Y3+ to Mg(OH)2 and Y(OH)3 within the micelle, a 

third solution was made.  Ammonium hydroxide was added to isooctane at a 

concentration of 0.03 M.  The amount of isooctane used was equal to the volume used in 

the previous step.  This solution was allowed to stir rapidly for 5 minutes.  After stirring, 

this solution was added to the reverse micelle solution.  Great care must be used to avoid 

the addition of water (from the ammonium hydroxide) settling on the bottom of the 

beaker, which is immiscible in isooctane. 

 To collect the precipitate, the solution was separated into vials and centrifuged at 

11,000 rpm for 10 minutes, using the same centrifuge used in the precipitation synthesis 

techniques.  A clear gel was collected at the bottom and the supernatant was decanted.  

Ethanol was added to the vial, which was shaken and ultrasonicated.  This was then 

centrifuged again at 11,000 rpm for 10 minutes.  The supernatant was then decanted and 

water was added to the vial, which was then shaken and ultrasonicated.  The vial was 

then centrifuged again at 11,000 rpm for 10 minutes.  This was followed by alternating 

two more ethanol and two more water washes, using the same technique and parameters.  

One final ethanol rinse was performed to remove any water from the surface of the 

particles.  The entire washing sequence was ethanol, water, ethanol, water, ethanol, 

water, ethanol. 

 The collected hydroxide material was scooped from the vials and allowed to dry.  

Upon significant drying the hydroxide powders were ground, using a pestle and mortar. 

6. Heat Treatment 
Decomposition of Mg(OH)2 and Y(OH)3 into MgO and Y2O3 occurs at 

approximately 400 to 600°C.  To ensure complete decomposition and crystallization, a 

temperature of 500°C for MgO and 600°C for Y2O3 and the MgO-Y2O3 composite was 

utilized for the heat treatment of the chemical precipitation powders.  Spray precipitation 

composite powders and reverse micelle composite powders were calcined at 1000°C.  A 
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thin layer of powder was placed in a crucible.  The crucible was then placed in a set point 

controlled furnace (F1848, Lindberg, Riverside, MI) at low temperature (less than 100°C) 

and rapidly heated (approximately 60°C/min) to the specified temperature.  After 1 hour 

the furnace was turned off and the door was opened to cool the powders rapidly in air. 

B. Spark Plasma Sintering 

1. Conventional Low Pressure SPS 
 A spark plasma sintering apparatus (HP D 25/2, FCT Systeme GmbH, 

Rauenstein, Germany) was used to sinter these materials.  A picture of the equipment can 

be seen in Figure 7.  Graphite molds (dies) with the configuration shown in Figure 8 were 

used for initial sintering experiments.  These molds are capable of achieving pressures of 

140 MPa, temperatures of 2200°C in vacuum and inert atmosphere, and heating rates of 

400°C/min.  The diameter of the mold is 18.5mm and the setup allows for the insertion of 

a graphite paper lining preventing reaction of material with the die wall, which leads to 

die degradation. 

 Approximately 5 g of powder is placed in the die.  Whilst adding powder, tapping 

or vibrating the die must occur to evenly distribute powder in the die.  Once all powder is 

added, the powders are pressed to 100 MPa. 

The die configuration is wrapped with graphite felt, to provide insulation during 

the heating process, and placed inside the SPS furnace.  The felt has a small hole so that 

focusing of the optical pyrometer on the outside wall of the die can be performed.  The 

temperature is monitored by the optical pyrometer on the outside wall of the die. 
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Figure 7.   Picture of the spark plasma sintering apparatus. 

 

 

Figure 8.  Normal graphite die setup. 

 

Multiple temperatures, pressures, and heating rates have been used to determine 

the optimum sintering parameters.  Low temperature, fast heating rates, short dwells, and 

high pressures should be used.  Temperatures between 700 and 1300°C, heating rates of 

50 to 300°C/min, dwells of 0-10 minutes, and pressures of 50-140 MPa were explored 

with this setup.  Force was applied during the heating segment.  A schematic of the 

sintering cycle can be seen in Figure 9. 
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Figure 9.  Schematic of a sintering profile for the normal graphite die setup. 

 

2. High Pressure SPS 
A die setup that allowed for higher pressures was necessary for complete 

densification of the MgO-Y2O3 composite.  Modifications to the setup designed by 

Tamburini et al.128 were made.  The die consists of an outer graphite die, with inner 

diameter of 40 mm ø, two 40 mm ø solid graphite plungers, two silicon carbide pucks 20 

mm ø × 15 mm thick, two silicon carbide rods 10 mm ø × 25 mm long, and one inner 

graphite die OD 40 mm ø and ID 10 mm ø.  There is space between the silicon carbide 

rods and inner die wall for the use of a graphite paper lining of thickness 0.127 mm.  A 

diagram of the setup can be seen in Figure 10.  Squareness of all parts is crucial in 

regards to high-pressure application.  Placing a thermocouple in the outer die 1 mm from 

the inner wall is used to monitor the temperature. 
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Figure 10.  Die arrangement for high pressure SPS experiments. 

 

Pressures of 300-500 MPa, using 50 MPa intervals, were explored.  A 

temperature of 1000°C and a heating rate of 100°C/min was used.  The force was held at 

38 MPa until final sintering temperature was achieved.  A dwell of 5 minutes was used to 

allow the die to obtain thermal equilibrium.  After the 5-minute dwell the high pressures 

were applied slowly over a period of 1 minute.  A dwell of 1 minute at high pressure was 

then used to allow for additional sintering.  The dwell time at final sintering temperature 

was 7 minutes.  One sample was sintered following the same heating schedule with a 

constant pressure of 38 MPa.  A schematic of the high-pressure sintering cycle can be 

seen in Figure 11. 

 Approximately 1.2 g of spray-precipitated powder was added to the inner die and 

sintered.  The reverse micelle powders were sintered at 1000°C and 500 MPa, following 

the same parameters as the prior high-pressure experiments. 
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Figure 11.  Schematic of the sintering profile for high pressure experiments. 

 

C. Characterization 

1. Powder 
a. Dynamic Light Scattering 

i. Precipitation Synthesis 
 Dried and ground powders made by all the precipitation techniques were 

characterized by a dynamic light scattering instrument (NanotracUltra DLS, Microtrac, 

Montgomeryville, PA).  Particle size was measured before and after heat treatment.  

Samples for DLS were prepared in three different solutions to determine the best 

dispersion characteristics.  For each solution 0.015 g of powder was added to 25 mL of 

water, ethanol, or acetone.  Background reading levels of the chosen suspension medium 

were taken before the particle size measurements. Five individual particle size 

measurements were taken and the average was calculated.  The sample was analyzed five 
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times and an overall average was calculated.  This gives an average value for 25 

measurements. 

ii. Reverse Micelle System Stability 
Characterization of reverse micelle solution stability was completed by DLS.  

DLS was performed on all solutions to observe the effect of salt additions on micelle size 

and the effect of varying water-to-surfactant ratios on stability.  Background reading 

levels of the isooctane were taken before the particle size measurements. Five individual 

particle size measurements were taken and the average was calculated.  The sample was 

analyzed five times and an overall average was calculated.  This gives an average value 

for 25 measurements.  Particle size after synthesis and collection was also measured after 

each washing cycle of one ethanol wash and one water wash. 

b. Thermogravimetric Analysis 

For obtaining calorimetric measurements a thermogravimetric instrument (SDT 

2960 Simultaneous DSC-TGA, TA Instruments, New Castle, DE) was used.  TGA 

analysis required 10-25 mg of powder to be placed in an alumina crucible.  In an air 

atmosphere a heating profile from room temperature to 1000°C with a heating rate of 

15°C/min was used and the weight was monitored and recorded every 2 seconds. 

c. X-ray Diffraction 

An X-ray diffractometer (D2 Phaser, Bruker, Madison, WI) was used for XRD 

spectrum collection.  To analyze the sample using XRD, powders were packed into a 

shallow sample holder and packed to obtain a flat surface.  The sample was then placed 

into the X-ray diffractometer and analyzed using Cu Kα radiation.  Diffraction intensity 

was measured at 2θ values from 15-115°.  Spectrum analysis was performed in X-ray 

diffraction pattern analysis software (Jade, Materials Data, Inc., Livermore, CA). 

i. Phase separation 
For determining the level of phase separation during centrifugation a series of 

XRD experiments were performed.  Powders were collected from the top and bottom of 

the centrifuge vial for 5 different centrifuging times.  The powders were dried, crushed, 

then heat-treated at 600°C for 1 hour.  X-ray characterization was performed on each 

extracted sample. 
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ii. Time-resloved XRD at Varying Temperatures 
 Time-resolved X-ray diffraction was performed using an X-ray diffraction 

apparatus with hot stage (D9, Bruker, Madison, WI).  A small amount of uncalcined 

spray precipitation powder was dispersed with a small amount of methanol and spread 

upon a sapphire plate.  The powder was then allowed to dry and the plate was then placed 

into the instrument.  Diffraction intensity spectra was collected between 15 and 150˚2θ 

and collected at 30°C, 100°C, 200°C, 300°C, 310°C, 320°C, 330°C, 340°C, 350°C, 

400°C, 500°C, 600°C, 700°C, 800°C, 900°C, and 1000°C.  Thermal expansion 

calibration z-offset values were programmed into the instrument to ensure constant 

sample surface position during the cycle. 

d. Brunauer, Emmitt, and Teller (BET) Surface Area 

 A surface area and porosity analyzer (TriStar, Micromeretics, Norcross, GA) was 

used for surface area measurements, with multi-point analysis of 11 points.  Powders 

were degassed and place into the instrument.  Liquid nitrogen was used to cool the 

sample. Nitrogen was used as the absorption gas. 

e. High Resolution Imaging 

i. Transmission Electron Microscopy 
 A transmission electron microscope (2010, JEOL, Peabody, MA) was used for 

powder imaging.  Powders were dispersed in ethanol and a TEM grid was passed through 

the solution to gather powders.  Samples were then imaged using an accelerating 

potential of 200 kV. 

ii. Scanning Electron Microscopy 
 Scanning electron microscopes (SU70, Hitachi, Krefeld, Germany) (Quanta 200F, 

FEI, Hillsboro, OR) were used for sintered specimen imaging.  Fracture surfaces were 

carbon coated to minimize charging during analysis.  Relatively low accelerating 

potentials (<10 keV) produced the clearest images. 

 A digital image analysis software (ImageJ, National Institutes of Health, 

Bethesda, MD) was used to measure grain sizes.  Numerous horizontal lines were drawn 

across each micrograph.  The grains that were located on the line were then used for the 

measurement and calculation of the average grain size for each sample.  An average 
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linear intercept length was determined after the analysis of 200 grains for each sintered 

specimen.  This length is referred to as grain size herein. 

f. Density Measurements 

 A water immersion density measurement technique (ASTM C20) was used to 

determine the density of the sintered specimens.130  Samples were boiled in water for 2 

hours and allowed to cool and soak overnight.  The dry weight, suspended weight, and 

saturated weight were used in the calculations to determine density. 
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RESULTS 

A. Chemical Precipitation Synthesis 

 Chemical synthesis of magnesium oxide, yttrium oxide, and a composite of the 

two was successful by hydroxide precipitation.  Understanding the synthesis and 

characteristics of the individual components of a composite material is helpful when 

designing the experiments for composite synthesis.  This method may provide insight on 

any difficulties early on, so that they can be avoided in the synthesis of the final desired 

composite powder. 

1. Magnesium Oxide 
 After synthesis, the collected hydroxide powders were washed once with ethanol.  

The powders were calcined to crystallize into the stable desired phase.  To understand the 

decomposition and crystallization temperatures TGA analysis was completed.  TGA 

analysis of the as-synthesized powders showed a small weight loss around 100°C, a large 

weight loss around 400°C, and a slow continual loss of weight up to 1000°C, as seen in 

Figure 12.  The first weight loss around 100°C is attributed to the evaporation of water on 

the surface of the powders.  The second weight loss that occurs around and after 400°C is 

attributed to the decomposition of the hydroxide to the oxide.  Weight loss continues at 

the higher temperatures due to a continuation of the decomposition reaction.  For XRD 

analysis, the heat treatment temperature was chosen to be 500°C for 1 hour, to ensure 

complete decomposition and crystallization.  

 Powders heat treated at 500°C (Figure 13) show phase pure magnesium oxide in 

cubic form as compared with PDF 00-045-0946.  Using X-ray line broadening 

techniques, namely Williamson-Hall technique in the Jade XRD analysis software, 

crystallite size was determined to be 15.3± 2.5 nm. 
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Figure 12.  TGA plot showing the weight loss with respect to temperature, 
indicating decomposition temperature of magnesium hydroxide 
into magnesium oxide. 

 

 

 

Figure 13.  XRD pattern showing the crystallinity and mineralogy of heat-treated 
MgO. Peaks indicated by circles are representative peaks for the 
MgO PDF 00-045-0946. 
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 Particle size was determined by DLS.  The suspension medium plays an important 

role in the dispersion of the powders and ultimately the measurement of particle size.  It 

can be seen in Figure 14 that water is the least effective at dispersing, followed by 

acetone.  Ethanol provides the greatest dispersion characteristics.  Ethanol is used herein 

as the dispersion medium for DLS of powders. 

 

 

Figure 14.  DLS data of MgO dispersed in water, acetone, and ethanol. 

 

 Figure 15 shows the DLS data of the as-synthesized magnesium hydroxide and 

calcined magnesium oxide powders.  The calcined powders have a smaller mean particle 

size of about 70 nm compared to the as-synthesized powders of about 300 nm. 

 Transmission electron microscopy (TEM) was used to determine the morphology 

of the particles.  Displayed in Figure 16, the as-synthesized powders are large and 

agglomerated, which is also evident in the DLS data.  After heat treatment, the particles 

are less agglomerated and much smaller.  The morphology of the particle appears to 

consist of multiple crystallites agglomerated together with rounded edges. 
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Figure 15.  DLS of MgO synthesized by chemical precipitation before and after 
heat treatment. 

 

 

Figure 16.  TEM of as-synthesized and heat-treated MgO synthesized by chemical 
precipitation method. 

 

 Using BET surface analysis techniques the surface area of the precipitated, 

calcined, MgO powders was determined to be 72.8 m2/g.  The estimated particle size, 

from the surface area relationship (Equation 1), was 21.4 nm.  This does not correlate to 

the particle size as measured by DLS, but it does correlate well to the crystallite size by 

XRD.  This means that the particles are agglomerates composed of many small 

crystallites. 
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𝑑𝑑(𝑛𝑛𝑛𝑛) = 6000
𝜌𝜌∗𝑆𝑆𝑆𝑆

                                       (1)  

2. Yttrium Oxide 
 The pure Y2O3 was synthesized in the same manner as the MgO and the same 

characterization steps were performed.  The as-synthesized powders were agglomerated, 

as shown from DLS in Figure 17.  The TGA data shows two major weight loss events, 

displayed in Figure 18, with complete decomposition occurring around 560°C.  The first 

event is attributed to the crystallization of monoclinic yttria, the second is attributed to 

the crystallization of cubic yttria.  The heat treatment temperature was chosen to be 

600°C for 1 hour, to ensure full decomposition and crystallization for XRD analysis.  

Figure 19 shows the XRD pattern of calcined Y2O3.  The pattern is comparable to the 

PDF 00-041-1105, the star pattern for cubic Y2O3.  Crystallite size was found to be 

17.0±1.6 nm.  Calcined Y2O3 has a mean particle size around 85 nm, as displayed in 

Figure 17.   

 

 

Figure 17.  DLS data of as-synthesized and heat-treated Y2O3 synthesized by 
chemical precipitation method. 

 

 Both MgO and Y2O3 have been successfully synthesized by a conventional 

hydroxide precipitation method.  The synthesis of the individual components proves that 
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this method results in pure nanometer-sized powders.  Therefore, it seemed logical that a 

composite of these two materials could be produced by a co-precipitation method. 

 

 

Figure 18.  TGA plot showing the weight loss with respect to temperature, 
indicating decomposition temperature of yttrium hydroxide into 
yttrium oxide. 

 

 

Figure 19.  XRD pattern showing the purity, crystallinity, and mineralogy of heat-
treated Y2O3 synthesized by chemical precipitation method.  
Peaks indicated by circles are representative peaks for the Y2O3 
PDF 00-041-1105 with intensities of four or greater. 
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3. Magnesium Oxide-Yttrium Oxide Composite 
 To synthesize the desired MgO-Y2O3 composite material, with good 

homogeneity, a co-precipitation procedure was developed.  Using the proper mixture 

ratio for the desired composite material ratio, the MgO and Y2O3 were precipitated 

simultaneously. 

 As-synthesized particles were agglomerated as indicated by DLS in Figure 20.  

TGA analysis, displayed in Figure 21, revealed similar decomposition temperatures to 

those seen for MgO and Y2O3 (Figure 12 and Figure 18, respectively). 

 

 

Figure 20.  DLS data of as-synthesized and heat-treated MgO-Y2O3 composite 
powders synthesized by chemical precipitation method. 

 

 Powders heat-treated to 600°C for 1 hour showed a biphasic crystalline pattern 

containing cubic MgO and cubic Y2O3, confirmed by XRD in Figure 22.  These phases 

can be compared to the same PDF cards as before.  Crystallite size analysis showed that 

MgO had a crystallite size of 24.7±6.5 nm and Y2O3 had a crystallite size of 7.6±1.1 nm.   

 After heat-treatment the particle size decreased, seen by the DLS data in Figure 

20.  The average particle size was around 105 nm.  TEM imaging was also done on these 

powders before and after heat-treatment.  The micrographs are shown in Figure 23.  

Large agglomerates can be seen in both as-synthesized and heat-treated powders.  The 
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heat-treated powders, however, exhibit crystalline structure and are about half the size.  

Evidence of platelets can also be seen in the heat-treated powder images. 

 

 

Figure 21.  TGA plot showing the weight loss with respect to temperature, 
indicating decomposition temperature of the composite hydroxides 
into the MgO-Y2O3 composite powders synthesized by chemical 
precipitation. 

 

 Using BET surface analysis techniques the surface area of the precipitated, heat-

treated, MgO-Y2O3 composite powders was determined to be 55.03 m2/g.  Using this 

surface area the estimated particle size was about 28 nm.  This value is closer to that of 

the crystallite size, meaning the powders are agglomerated and contain many crystallites. 

 Chemical precipitation and co-precipitation synthesis methods were proven to be 

successful for the preparation of MgO, Y2O3, and MgO-Y2O3 composite materials.  

However, the particle size of final powders was larger than desired for the continuation of 

optimization and processing.  Therefore, an alternative method was used to produce 

powders with a smaller final particle size. 
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Figure 22.  XRD pattern showing the purity, crystallinity, and biphasic nature of 
heat-treated MgO-Y2O3 composite powders.  Peaks indicated by 
circles are representative peaks for the Y2O3 PDF 00-041-1105 
with intensities of eight or greater.  Peaks indicated by stars are 
representative peaks for the MgO PDF 00-045-0946. 

 

 
Figure 23.  TEM micrographs of as-synthesized and heat-treated MgO-Y2O3 

composite powders synthesized by normal precipitation, showing 
morphology. 
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B. Spray Precipitation Synthesis 

Uncalcined powders were agglomerated as indicated by the DLS data in Figure 

24.  TGA analysis revealed similar decomposition temperatures to those seen in the 

previous method, shown in Figure 25.  A heat treatment temperature of 1000°C for one 

hour was used.  This ensures the complete decomposition and crystallization of the 

powders and produces the best powder characteristics for sintering. 

 
Figure 24.  DLS of as-synthesized and heat-treated MgO-Y2O3 composite 

powders synthesized by spray precipitation. 

 

After calcination the particle size decreased, seen by the DLS data in Figure 24.  

The mean particle size is about 60 nm, which is more desirable than the previous method.  

XRD in Figure 26 shows the composite material is phase pure and biphasic, containing 

cubic MgO and cubic Y2O3.  The crystallite size of MgO is 32.1±3.2 nm and that of Y2O3 

is 20.2±0.9 nm.   

 

10 100 1000

Fr
eq

ue
nc

y

Particle Size (nm)

As-synthesized 
Heat treated 



40 

 

Figure 25.  TGA plot showing the weight loss with respect to temperature, 
indicating decomposition temperature of the composite hydroxides 
into MgO-Y2O3 composite powders synthesized by spray 
precipitation. 

 

 

Figure 26.  XRD pattern showing the purity, crystallinity and biphasic nature of 
heat-treated MgO-Y2O3 composite powders synthesized by spray 
precipitation.  Peaks indicated by circles are representative peaks 
for the Y2O3 PDF 00-041-1105 with intensities of eight or greater.  
Peaks indicated by stars are representative peaks for the MgO PDF 
00-045-0946. 

 

55
60
65
70
75
80
85
90
95

100

0 200 400 600 800 1000

W
ei

gh
t (

%
)

Temperature (°C)

15 35 55 75 95 115

R
el

at
iv

e 
In

te
sn

ity

2θ (°)



41 

To further understand the phase transitions from a hydroxide to an oxide,time-

resolved XRD at various temperatures was performed.  Figure 27 shows the data 

collected at various temperatures, compiled into one figure.  From room temperature up 

to about 300°C the hydroxide phase is present.  At about 310°C the MgO starts to form.  

Around 320°C is when monoclinic Y2O3 forms.  Between 600°C and 700°C monoclinic 

Y2O3 transforms into cubic Y2O3. 

 

 

Figure 27.  In-situ XRD patterns of as-synthesized MgO-Y2O3 composite powders 
synthesized by spray precipitation technique.  Circled peaks 
indicate peaks corresponding to a particular phase and mineralogy 
as shown in the legend.  

 

Figure 27 shows that the uncalcined powders (30°C pattern) are a crystalline form 

of the magnesium hydroxide compared to PDF 00-044-1482.  Processing the powders in 

methanol crystallizes the amorphous hydroxide.  Also, the monoclinic phase of Y2O3 is 

seen at temperatures below 600°C compared to PDF 00-044-0399.  The heat treatment 

temperature was chosen above this temperature since phase transformations during 
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sintering could lead to complications.  At the explored temperatures, the MgO and Y2O3 

do not interact, meaning it is a true two-phase composite.  Crystallite sizes were analyzed 

and plotted in Figure 28.  As expected the crystallite size increases as temperature 

increases. 

TEM imaging was also done on these powders before and after heat-treatment.  

The micrographs can be seen in Figure 29.  Agglomerates can be seen in both as-

synthesized and calcined powders.  The heat-treated powders exhibit defined crystalline 

structure and platelet-like morphology.  These powders show a more defined angular and 

crystalline structure than those synthesized by the chemical precipitation method, which 

is due to the higher heat treatment temperature. 

 

 

Figure 28.  Graph displaying the crystallite growth, from XRD, with respect to 
temperature. 
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Figure 29.  TEM micrographs of as-synthesized and heat-treated MgO-Y2O3 
composite powders synthesized by spray precipitation, showing 
morphology. 

 

Using BET surface analysis techniques the surface area of the spray precipitated, 

calcined, MgO-Y2O3 composite powders was determined to be 58.2 m2/g.  Using the 

surface area relationship to particle size, the estimated particle size is 26.8 nm.  This 

value correlates well with crystallite size, but not the particle size from DLS.  This likely 

means the particles are composed of agglomerated groups of crystallites. 

After the SEM investigation of preliminary SPS sintered specimens, it was 

evident through the use of backscatter electron detection mode, that the homogeneity of 

powders was poor.  Figure 30 shows a micrograph of the sintered specimen, where 

islands (bright areas) of high Y2O3 concentration can be seen.  The phase separation 

originates in the washing/centrifugation procedure.  Quantitative XRD analysis 

techniques were used to determine the ratio of phases present in samples collected from 

the bottom and top of a centrifuge vial for multiple centrifugation times, it can be seen 

that phase concentration differs depending on location.  The graph in Figure 31 shows 

that the top of the vial has a lower concentration of Y2O3 than the bottom of the vial, 

consistent with segregation due to density differences. 
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Figure 30.  SEM of sintered specimen showing imhomogeneity as a result of poor 
dispersion of starting powders. 

 

 

Figure 31.  Graph showing the relative amounts of MgO and Y2O3 as collected 
from the top and bottom of centrifuge vials. 

 

A milling procedure was required to increase homogeneity.  The milling 

procedure was performed in anhydrous methanol.  After milling, the solvent was 

evaporated and powders were crushed and calcined.  The powders were still 
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calcined mean particle size was about 70 nm, as seen from DLS (Figure 32).  The 

homogeneity was improved as seen in Figure 33. 

 

 

Figure 32.  DLS after milling, before and after heat treatment of the MgO-Y2O3 
composite powders synthesized by spray precipitation. 

 

 

Figure 33.  SEM of sintered specimen showing improved homogeneity after 
milling of the MgO-Y2O3 composite powders synthesized by spray 
precipitation. 
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C. Reverse Micelle Synthesis 

1. Stability Studies 
Before the reverse micelle system can be used for the synthesis of materials, the 

stability of the system in the presence of salts must be studied and understood.  Dynamic 

light scattering is an essential tool in the understanding of stability.  However, visual 

observations also play an important role. 

For the study of stability for a constant water-to-surfactant ratio (ωo=10), 

magnesium nitrate was added to reverse micelle solutions in multiple concentrations.  

The stability of the system was determined by DLS and visual observation.  The DLS 

data in Figure 34 displays the trend that micelle size decreases as ion concentration 

increases.  Figure 35 displays the change in micelle size with relation to molarity of 

magnesium nitrate.  The concentration at which micelle size does not change with 

increasing molarity is defined as the instability point, concentrations less than that are 

stable.  As molarity increases the amount of charged ions in the water droplet increases.   

 

 

Figure 34.  DLS data showing the effect of ion concentration of magnesium 
nitrate on the size of a reverse micelle in the AOT-isooctane-water 
system. 
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Figure 35.  Graph displaying the change of micelle size with varying magnesium 
nitrate salt concentrations in the AOT-isooctane- water system 
with a ωo=10. 

 

When system instability is present, it is often visibly apparent.  A picture of an 

unstable solution can be seen in Figure 36.  A destabilized solution will look cloudy as 

opposed to a clear solution.  Often times water droplets can be seen in the bottom of the 

beaker. 

Another factor that influences the destabilization concentration of the reverse 

micelle system is water-to-surfactant ratio.  By using yttrium nitrate as the ion containing 

solution, three different water-to-surfactant ratios and their destabilization concentrations 

were explored.  Figure 37 displays the change of particle size with varying yttrium nitrate 

concentrations, for different water-to-surfactant ratios.  For this case, visual observation 

was used to determine the concentration of destabilization.  For a ωo=10, ωo=12.5, and 

ωo=15 the concentration of destabilization was 0.3 M, 0.2 M, and 0.1 M, respectively.   

To stay within the stable region during synthesis of the composite powders, an 

overall concentration of 0.3 M was chosen for the metal nitrate solution.  This molarity 

allows for the addition of ammonium hydroxide to the system, for precipitation, and still 

stays within the stable concentration region. 
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Figure 36.  Representative picture of unstable reverse micelle solutions, for a 
molarity greater than 1, showing water coalescence on the bottom 
of beaker. 

 

 

Figure 37.  The effect of yttrium nitrate concentration on micelle size for ωo=10, 
ωo=12.5, and ωo=15.  Arrows pointing to the concentration at 
which the solution is unstable for the particular ωo. 
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2. Precipitation in Reverse Micelles and Characterization 
After the addition of the precipitation solution (isooctane and ammonium 

hydroxide) to the nitrate containing micelle solution, the solution should remain 

transparent, indicating stability is maintained.  DLS was completed to confirm stability of 

the micelle system and the change in micelle size after precipitation can be seen in Figure 

38.  The size of the micelle does change by a significant amount. 

 

 

Figure 38.  Change of micelle size after MgO-Y2O3 composite synthesis at 0.1 M, 
0.2 M, and 0.3 M. 

 

After precipitation, collection and washing was performed through a series of 

rinsing and centrifugation steps.  If water was used as the first washing step, the powders 

would disperse, but were impossible to collect afterwards; therefore, ethanol was chosen 

as the first washing solvent. The water wash removed surfactant and excess ions in 

solution.  The ethanol re-disperses the particles, which occurs during washing in water.  

To understand the effect of washing on particle size, DLS was performed after each 

washing step.  One washing step refers to one wash with ethanol followed by one wash 

with water.  As seen in Figure 39, one wash yields a large particle size.  The particle size 

decreases as the number of washes increases.  However, subsequent washes after the 

third wash lead to a re-agglomeration of the particles.  This trend is seen before and after 

5

6

7

8

9

0 0.1 0.2 0.3 0.4

M
ic

el
le

 S
iz

e 
(n

m
)

Molarity

Before 
Precipitation
After 
Precipitation



50 

calcination (Figure 39).  Therefore, three washing cycles were chosen as sufficient for the 

de-agglomeration of the particles. 

 

 

Figure 39.  The influence of washing cycles on the mean particle size of 
synthesized MgO-Y2O3 composite powders synthesized by reverse 
micelle technique. (a) before calcination (dried), (b) after 
calcination at 1000°C. 

 

Decomposition temperatures were comparable to those seen in previous synthesis 

methods.  TGA data is shown in Figure 40.  To ensure complete decomposition and 

densification, the powders were calcined at 1000°C for one hour. 
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Figure 40.  TGA plot showing the weight loss with respect to temperature, 
indicating decomposition of the composite hydroxides into MgO-
Y2O3 composite powders synthesized by reverse micelle technique. 

 

To further understand the phase transitions from a hydroxide to an oxide, in-situ 

high temperature XRD was performed.  Figure 41 shows the data collected at various 

temperatures, compiled into one figure.  From room temperature up to about 320°C the 

hydroxide phase is present.  At a temperature of about 330°C the MgO starts to form.  At 

temperatures around 550°C a monoclinic Y2O3 phase is seen.  Using crystal structure 

analysis techniques in Jade software the mineralogy is determined to be monoclinic. 

As seen before in the previous time-resolved XRD data in Figure 27, the 

uncalcined powders are a crystalline form of the hydroxide.  At the explored 

temperatures, the MgO and Y2O3 do not interact, meaning it is a true two-phase 

composite.  The results are similar to those seen before, however the Y2O3 is stabilized 

into a monoclinic structure.  Crystallite sizes were analyzed and plotted on a chart, seen 

in Figure 42.  As expected the crystallite size increases as temperature increases.  The 

crystallite size of the Y2O3 could not be analyzed since peak overlap was present. 
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Figure 41.  In-situ high-temperature (ranging from room temperature to 1000˚C) 
XRD patterns of as-synthesized MgO-Y2O3 composite powders 
synthesized by reverse micelle technique.  Circled peaks indicate 
peaks corresponding to a particular phase and mineralogy as 
shown in the legend. 

 

After performing a heat treatment at 1000°C for one hour XRD analysis was 

conducted to obtain accurate crystallite sizes.  The XRD pattern is shown in Figure 43.  

The crystallite size of MgO was calculated to be 20.8 ± 4.3 nm.  Y2O3 could not be 

analyzed since the spectra did not contain significant peaks that were not overlapping.   

 

 

Magnesium hydroxide 
Magnesium oxide 
Yttrium oxide (monoclinic) 
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Figure 42.  Graph displaying the crystallite growth, from XRD, with respect to 
temperature. 

 

 

Figure 43.  XRD pattern of calcined MgO-Y2O3 composite powders synthesized 
by reverse micelle technique calcined at 1000°C for one hour.  
Peaks indicated by circles are representative peaks for the 
monoclinic phase of Y2O3.  Peaks indicated by stars are 
representative peaks for the MgO PDF 00-045-0946. 
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Particle size analysis of heat-treated powders reveals a mean particle size of about 

60 nm.  The DLS data can be seen in Figure 44. 

 

 

Figure 44.  DLS of as-synthesized and heat-treated (600˚C and 1000˚C) MgO-
Y2O3 composite powders synthesized by reverse micelle technique. 

 

To gain a better understanding of the powder’s morphology TEM was performed 

on as-synthesized, 600°C calcined, and 1000°C calcined powders, shown in Figure 45.  

The as-synthesized powders look large, amorphous, and agglomerated.  Clear images of 

the nano-scale structure of as-synthesized powders was difficult to obtain. 

After calcination, the powders were crystalline and showed less of this porous 

structure.  These particles are smaller than the as-synthesized powders, due to 

crystallization and densification.  When this happens the agglomerates break up into 

smaller particles.  Heat treatment at higher temperatures leads to a slight amount of 

necking and coarsening of the particles, shown in Figure 45(c).  Agglomerates are mostly 

seen throughout the powders, but small particles around the size of a micelle have been 

found, as presented in Figure 46.   
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Figure 45.  TEM micrographs of (a) as-synthesized and (b) 600°C and (c) 1000°C 
calcined MgO-Y2O3 composite powders synthesized by reverse 
micelle technique. 

 

 

Figure 46.  TEM micrograph of a composite powder particle with the size of a 
reverse micelle. 

 

 The surface area of as-synthesized powders is 150 m2/g, by BET.  Particle size is 

estimated to be 10 nm.  The surface area of heat-treated powders is 80 m2/g.  The 

estimated particle size is about 19 nm. 
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D. Spark Plasma Sintering 

1. Low Pressure Sintering 
Spark plasma sintering experiments using graphite dies were difficult.  Optimum 

sintering parameters were not determined for this die configuration.  Using moderate 

pressures (<100 MPa), dense samples (>90%) could only be obtained using high 

temperatures.  This however was undesired since the grains grew quite large and full 

density could still not be obtained.  An example of this can be seen in Figure 47. 

To increase final sintered density and smaller grain sizes higher pressures were 

needed.  This particular graphite die configuration cannot withstand pressures much 

greater than 130 MPa at elevated temperatures.  Not surprisingly, when using pressures 

greater than 100 MPa to sinter the composite material, die failure was seen almost every 

time. 

 

 

Figure 47.  BSE SEM of SPS sintered composite, synthesized by spray 
precipitation.  A temperature of 950°C and pressure of 75 MPa 
was used.  Density is 85% and grain size is about 90 nm. 

 

Sintering the spray precipitated composite powders to full density and small grain 

size with normal graphite dies was unsuccessful.  High pressures using the conventional 

graphite die setup were not consistently obtainable and higher temperatures were not 

desired.  A method of obtaining higher pressures had to be explored. 
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2. High Pressure Sintering 
By using a double die design as shown in Figure 12, pressures up to 500 MPa 

were obtained.  Silicon carbide has a much higher compression strength than graphite at 

temperature, therefore, higher pressures can be used.  Since graphite components are still 

being used, the pressure application method is still important.  After many trial and error 

attempts, it was determined that the sintering procedure described in the experimental 

procedure and illustrated in Figure 13 was the only procedure that would result in 

consistently successful sintering cycles. 

Five samples were sintered using the spray precipitation composite powders at 

1000°C and pressures of 300-500 MPa in 50 MPa increments.  High-resolution SEM 

micrographs for each sample can be seen in Figure 48.  One sample was sintered 

following the same heating profile, but at 38 MPa (the minimum pressure applied during 

segments one and two of Figure 13).  One sample of the reverse micelle synthesized 

composite powders was sintered at 1000°C and 500 MPa, to be compared with the spray 

precipitation composite powders.  A representative micrograph of this sample is 

displayed in Figure 49. 
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Figure 48.  Fracture surface SEM of MgO-Y2O3 composite powders synthesized 
by spray precipitation, sintered using high-pressure SPS technique 
at (a) 300 MPa, (b) 350 MPa, (c) 400 MPa, (d) 450 MPa, and (e) 
500 MPa. 
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Figure 49.  Fracture surface SEM of MgO-Y2O3 composite powders synthesized 
by reverse micelle technique, sintered using high-pressure SPS 
technique at 500 MPa (a) small grain microstructure (b) mixed 
microstructure. 

 

Density of the samples is illustrated in Figure 50.  It is noted that the samples 

sintered at pressures above 300 MPa hover around 90% density.  There is a definite 

increase in density from 38 MPa to 300 MPa.  To increase the final sintered density the 

sintering profile must be optimized.  Nevertheless these high pressures were able to keep 

grain growth to a minimum.  Final grain sizes for the spray precipitation powders has 

been measured, averaged, and presented in Figure 51.  In all instances the average grain 

size is around 60 nm, which is the starting mean particle size of the powders. 

The sintered specimen of the reverse micelle synthesized powders displays some 

peculiar results.  As seen in Figure 49(b), the microstructure contains two very different 

regions.  One region has small grains with an average size of 35 nm.  The other region 

contains large plate-like grains, with an average thickness of 75 nm and average width of 

700 nm.   
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Figure 50.  Graph showing the effect of pressure on the density of high-pressure 
SPS sintered samples. 

 

 

Figure 51.  Graph showing the effect of pressure on the final grain size of high-
pressure SPS sintered samples. 
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DISCUSSION 

A. Reverse Micelle Stability 

 Before discussing synthesis results, the stability of the reverse micelle system 

must be understood.  This is done by studying the effect of ion concentration in the 

micelle as well as changing the water to surfactant ratio. 

By adding metal ion containing salts to the water droplets in a reverse micelle, the 

hydrodynamic radius changes.  By increasing the positive ion concentration the size of 

the micelle decreases, displayed in Figure 34, Figure 35, and Figure 37.  The surfactant 

heads are negatively charged, so when the positive charge inside the micelle increases the 

surfactant is drawn closer to the center.  A point is reached where the micelles cannot 

shrink any further due to the repulsion of the surfactants being too close together.  An 

illustration of this effect can be seen in Figure 52.  In this instance, the concentration for 

instability is 0.6 M for magnesium nitrate and 0.3 M for yttrium nitrate.  These points of 

instability are defined as the concentrations where micelle size does not change after 

higher concentrations are added and coalescence of water droplets can be seen.  An 

unstable reverse micelle solution can be seen in Figure 36.  Yang and Chen,84 using DLS 

characterization techniques, witnessed the trend of decreasing micelle size with 

increasing ion concentration, however specific results were not presented and no 

indication of stability was mentioned. 

 

 
Figure 52.  Diagram of a reverse micelle shrinking in size due to charge effects, 

eventually causing an unstable micelle solution. 
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To change the water-to-surfactant ratio, the water concentrations remained the 

same and the amount of surfactant was changed.  In this case, visual observation was 

used to determine the concentration of instability.  For a ωo=10, ωo=12.5, and ωo=15 the 

concentration of instability was 0.3 M, 0.2 M, and 0.1 M, respectively.  Yttrium nitrate 

was used as the ion containing salt.  Bohidar et al.83 studying the same isooctane-AOT-

water system used DLS characterization as a method to determine micelle size with 

respect to water-to-surfactant ratio between 1 to 50.  They discovered micelle size 

increases with an increase of water to surfactant ratio.  They did not, however, give 

insight on stability or study the effect of metal ions in the water domains.  The trend seen 

in Figure 37 shows a decrease of micelle size with an increase of water-to-surfactant 

ratio.  The contradictory trend is due to the ions in the micelle.  Depending on the ion 

concentration, the reverse micelle solution stabilizes to a particular size, due to the charge 

effects of the ions on the surfactant.  When water-to-surfactant ratio is increased, less 

surfactant is present in the system and the micelle solution cannot stabilize at the desired 

micelle size, due to the lack of surfactant. 

When performing the synthesis reaction in the reverse micelle, the stability of the 

solution is vital to produce unimodal and consistent materials.  When adding the 

precipitation agent, the system’s properties must not change significantly, to ensure 

controlled synthesis.  The ammonium hydroxide contains 72% water, as indicated by the 

supplier.  Water is immiscible in isooctane, so it will remain at the bottom of the solution 

when mixed together.  This excess water will create issues if added to micelle solutions.  

Care must be taken to avoid the addition of this small amount of water.  After the 

addition of the precipitating solution the reverse micelle size decreases slightly, seen in 

Figure 38.  A metal ion concentration of 0.3 M inside a reverse micelle solution with a 

ωo=10 was well within stability to perform synthesis. 

B. Collection and Washing 

1. Importance of Solvents 
 After synthesis, the collected hydroxide powders were washed once with ethanol.  

Figure 53 is a diagram that shows the different interaction of water and ethanol on the 

surface of a hydroxide, which is then calcined to form an oxide.131  When water is on the 
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surface of a hydroxide it can form links that bridge the particles together, due to the polar 

forces the water molecules contain.  Ethanol creates hydrogen-terminated surfaces on the 

particles. When the hydroxide is calcined, the water or organics will vaporize.  In the case 

of water, the surface is left with an oxygen bridge, causing agglomeration, whereas 

ethanol on the surface leads to a hydrogen terminated bond, which is less likely to result 

in bridging bonds and lead to agglomeration.  Since the use of ethanol will help limit the 

agglomeration of powders, the powders are washed once in ethanol to remove all water 

from the surface of the powders after synthesis in water.  By dispersing MgO in different 

solvents, Figure 14 shows ethanol is a better dispersing solvent than acetone and water. 

 

 

Figure 53.  Proposed mechanisms of agglomeration when surfaces of a hydroxide 
contain water versus ethanol.131 

 

2. Inhomogeneity 
During collection and cleaning, phase separation occurred, making the powders 

inhomogeneous.  Yttrium hydroxide is more dense than magnesium hydroxide; therefore, 

it will settle out of suspension faster.  With extended centrifugation times the yttrium 

hydroxide will also be forced further to the bottom of the vial, increasing the severity of 

phase separation.  Quantitative XRD, Figure 31, shows the ratio of MgO to Y2O3 is 
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different at the top and bottom of a centrifuge vial after centrifugation, with more Y2O3 at 

the bottom.  The powders are hand ground using a pestle and mortar after drying and 

calcination, however this method is not efficient enough to homogenize the powder.  

Therefore, a milling procedure was implemented.  Ball milling is the most common 

process to break agglomerates and improve homogeneity, proven to be effective for 

composite materials.132  Methanol is a hygroscopic solvent, meaning it will absorb water.  

It is used as the suspension medium in the milling procedure to further remove water 

from the surface of the particles.  Figure 30 is a representative SEM image of a sintered 

sample from poorly mixed powders.  Figure 33 confirms homogeneity is improved after 

milling in methanol. 

3. Reverse Micelle Washing 
The reverse micelle synthesis technique is theoretically able to fabricate 

unimodally-sized and shaped materials around the size and shape of a reverse micelle.  

This, however, was proven difficult since collection and cleaning of the precipitated 

material impacts the agglomeration of the final powders.  It was seen in the work by 

Singh and Graeve100 that the solvent used during cleaning influenced the purity of the 

final powders.  They found that hydrogen peroxide was effective at removing the AOT 

from the surface of the particles.  However, the centrifugation steps cause agglomeration 

into larger particles. 

 The influence of washing is seen in Figure 39.  The powders are agglomerated 

due to a tangling of the surfactant, but with significant washing the surfactant is removed 

and agglomeration is lessened.  Subsequent washing leads to a re-agglomeration of the 

powders, due to excess centrifugation and forced agglomeration.  Therefore, a careful 

washing procedure is required to obtain pure and unagglomerated powders. 

C. Calcination Studies 

1. Thermogravimetric Analysis 
The decomposition of magnesium hydroxide into magnesium oxide (Figure 12) 

occurs at temperatures seen in literature, between 300-400°C.46  The decomposition of 

yttrium hydroxide into yttrium oxide (Figure 18) also occurs at temperatures seen in the 
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literature, between 400-600°C.58  The composite hydroxide is expected to decompose 

into the oxide around the same temperature and be fully decomposed at 600°C, and is 

confirmed by TGA as seen in Figure 21, Figure 25, and Figure 40.  The overall weight 

loss of the reverse micelle synthesized powders (Figure 40) is about 10% greater than the 

chemical precipitation methods.  This extra weight loss is attributed to removal of 

residual organics or hydrocarbons from the surface of the particles.  The powders have a 

larger surface area, so there will be more organics absorbed on the surfaces.  Also, due to 

the synthesis method, more organics could be present in the system. 

2. X-ray Diffraction 
Figure 27 and Figure 41, the in-situ high temperature XRD patterns, show that the 

uncalcined powders are a crystalline form of the hydroxide.  This is due to the sample 

preparation in methanol.  The methanol removes water from the hydroxide and forms a 

crystalline hydroxide phase on the surface of the particles.133  High-temperature XRD of 

the spray precipitation powders (Figure 27) shows a monoclinic phase of Y2O3 at 

temperatures below 600°C.  The cubic phase is stabilized after heat treatment to higher 

temperatures.  At the tested temperatures, the MgO and Y2O3 do not interact, meaning it 

is a true two-phase composite.  In Figure 42, the in-situ high temperature XRD data of the 

reverse micelle powders, the peaks corresponding to the yttria phase do not fit any 

available PDF cards.  By using crystal structure analysis, in the Jade software, from the 

peaks available, the yttria pattern data represents a monoclinic phase.  One possible 

explanation for the different Y2O3 phase development is due to preferential crystal 

growth on the alumina substrate, as well as the specimen’s surface cracking which results 

in uneven surfaces during decomposition and densification during heating, since 

decomposition and crystallization is occurring during the experiment. 

3. Importance of Calcination Temperature 
It was discovered that magnesium oxide and yttrium oxide powders calcined to 

1000°C have optimum sintering characteristics.54,56  Since the goal is to have a highly 

sinterable powder, powder processing is important.  The use of a higher temperature than 

1000°C is not optimal since it will lead to exaggerated crystallite growth and necking 

between particles.  Necking between particles is not desired, since this is considered hard 
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agglomeration.  Unagglomerated particles can be pressed to higher green densities 

allowing for full densification at lower temperatures and shorter times, compared to 

agglomerated, low green density samples.23,24 

 As-synthesized powders have a larger particle size than the calcined powders.  

This trend is presented in Figure 54 for all the powders synthesized.  Imaging of the 

powders by TEM also confirms this, seen in Figure 16, Figure 23, Figure 29, and Figure 

45.  This is because the as-synthesized powders are hydroxides.  During calcination the 

hydroxyls are eliminated and increase density, resulting in a smaller size.  Also, 

crystallization of the powders leads to cracking of the particles that further decreases the 

size.  Literature has yet to confirm this trend that particle size decreases when a 

hydroxide is calcined into an oxide for these materials by DLS, but Green35 has discussed 

this trend in MgO and Huang et al.56 witnessed this in SEM for Y2O3. 

 

 

Figure 54.  Change in mean particle size before and after characterization for (1.) 
MgO by chemical precipitation (2.) Y2O3 by chemical precipitation 
(3.) MgO-Y2O3 by chemical precipitation (4.) MgO-Y2O3 by spray 
precipitation (5.) MgO-Y2O3 by spray precipitation, milled (6.) 
MgO-Y2O3 by reverse micelle synthesis 

 

 As-synthesized powders synthesized by the reverse micelle technique have a 
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porous, made from agglomerated particles around the size of a micelle.  As the powder is 

heat-treated it densifies and the particles coarsen, lessening the surface area. 

After calcination of the composite material, the yttria component had a smaller 

crystallite size compared to magnesia.  The concentration of yttrium ions during the 

precipitation procedure is much less than the magnesium ions.  Therefore, the higher 

dispersion and lower concentration of yttrium ions in solution leads to the formation of 

smaller crystallites.  A comparison of particle size and crystallite size for the given 

synthesis techniques is displayed in Figure 55. 

 

 

Figure 55.  Comparison of particle size to crystallite size for (1.) MgO by 
chemical precipitation (2.) Y2O3 by chemical precipitation (3.) 
MgO-Y2O3 by chemical precipitation (4.) MgO-Y2O3 by spray 
precipitation (5.) MgO-Y2O3 by reverse micelle synthesis (Note: 
Y2O3 crystallite size was not measured) 

 

D. Comparison of Powders by Different Synthesis Methods 

 Literature shows MgO and Y2O3 synthesized via chemical precipitation routes 

result in platelet-like morphologies.50,58  The conventional chemical precipitation method 

yields results which are comparable to those seen in literature.  However, this method 

yields particles which are larger than desired. 
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By spraying the nitrate solution using an ordinary spray bottle, the solution was 

atomized and formed tiny ion-containing droplets.  The droplets come into contact with 

the dilute ammonium hydroxide solution and the precipitate was formed.  Due to the 

small droplet size of dilute nitrate solution and the dilute solution of ammonium 

hydroxide a small amount of Mg2+ and Y3+ ions are in the vicinity of OH- ions.  

Therefore the precipitated particles are smaller than those made by a conventional 

precipitation technique. 

By utilizing the reverse micelle system for controlling the size of precipitated 

powders, smaller particles can be synthesized.  This method is difficult, however, because 

the washing and collection leads to agglomeration of the powders, resulting in a particle 

size that is similar to that of the spray precipitation powders. 

 Of the three methods investigated for the synthesis of the composite material, the 

one which resulted in the smallest particle size, obtained by DLS, were the powders 

synthesized by spray precipitation.  A comparison of the final powders can be seen in 

Figure 56. 

 

Figure 56.  DLS comparison of the final composite powders synthesized by all 
three methods. 

 

 The particle size of spray precipitation powders is the smallest, but the crystallite 

sizes of the reverse micelle powders are smaller, Figure 56 and Figure 55.  This leads to 
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the assumption that the reverse micelle powders have a slightly higher level of 

agglomeration.  The severity of agglomeration, meaning hard or soft, is important since it 

will affect the sinterability of the powders.  Softly agglomerated powders could possibly 

break apart under high pressure.  Whereas hard agglomerated powders, coarsened with 

necks combining adjacent particles, will be more difficult to break and rearrange even 

with high pressure. 

E. Spark Plasma Sintering 

1. Low Pressure SPS 
Common graphite SPS dies have a maximum limit of approximately 150 MPa, 

which is nearing the compressive strength of the graphite supplied.  Application of 

pressure at different times during the sintering profile plays an important role on the die’s 

ability to survive.  When the full pressure was applied at the beginning of the sintering 

run, failure occurred at some point during heating.  Application of the full pressure at 

final sintering temperature also proved to be unsuccessful.  This is also undesired since 

particle necking and grain growth can occur at elevated temperatures when high pressures 

are not applied, increasing the difficulty of densification. 

The best results were when pressure was applied slowly over the temperature 

ramp step.  This can be seen in Figure 11.  Graphite exhibits an increase of strength with 

increasing temperature.  This is why applying pressure slowly and only obtaining the 

high pressures at elevated temperatures will result in less die failures.  In any instance 

when the die did not break and a sample with a greater density than 90% was achieved, 

the specimen always came out of the die in many fractured pieces. 

The phenomenon of broken samples was seen in Jiang and Mukherjee’s work.70  

They identified a temperature range in which desired samples were obtained, but a 

temperature greater than that lead to the fracture of samples and a temperature lower than 

that was unable to densify the compact.  An explanation of the occurrence was not given.  

One explanation can be due to constrained cooling.  The CTE of the composite material 

is greater than that of graphite.  When a force is maintained on the specimen while 

cooling occurs, the specimen contracts more than the graphite, however, the sample 

contraction is restricted by the force imparted by the graphite punches.  Cracks are 
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formed in the sample to relieve the strain.  To minimize the cracking of samples, one 

method could be to minimize the pressure at high temperature and then allow the sample 

to cool. 

The sintering profile shown in Figure 11 is split into five sections.  The first and 

second section is the simultaneous application of temperature and pressure.  During the 

second segment displacement begins, this marks the beginning of densification.  In 

segment three, the sintering temperature has been reached and densification continues 

during this dwell.  Section four marks the completion of densification and the remaining 

dwell is to ensure densification has concluded.  The length of this segment must be 

minimized to reduce grain growth.  The fifth and final segment is the cooling segment.  

The power is turned off, force is released slowly and the die is allowed to cool naturally. 

Sintering the spray precipitated composite powders to full density and small grain 

size with normal graphite dies was unsuccessful.  High enough pressures were not 

consistently obtainable and higher temperatures were not desired due to the large grain 

growth observed.  A method of obtaining higher pressures was necessary. 

2. High Pressure SPS 
The setup described and shown in Figure 12 was successful at obtaining pressures 

up to 500 MPa.  A similar but smaller setup (inner die of 5 mm) has been recorded to 

obtain pressures nearing 1 GPa, however an inner die of 10 mm has only been seen in the 

literature and maximum pressures of 400 MPa are reported.111,113  This proposed die 

setup and sintering profile allows for a maximum pressure of 500 MPa. 

The application of pressure for this setup was important, as it was for the common 

graphite die setup.  Figure 13 is a graphical representation of the sintering profile as well 

as displacement information commonly seen in high pressure SPS.  The figure has six 

regions, separated by dotted lines, where different events occur.  The first region is the 

heating segment.  In this segment, displacement begins just below the sintering 

temperature and the rate of displacement is fastest at the final sintering temperature (start 

of segment two).  The pressures at this point are quite low (38 MPa), so full densification 

does not occur, and the displacement slows and stops shortly after the final sintering 

temperature is reached.  The second region is a dwell at sintering temperature.  This step 

is needed for the temperature equilibration of the large die.  The third and fourth region is 
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where high pressures are applied.  In the third region densification is seen by the change 

in displacement.  The fourth region shows no change in densification, but a continuing 

increase of force.  At this point, the majority of densification has occurred and the effects 

of the higher pressure are not known.  The fifth region is a dwell at high pressure to 

ensure densification is concluded.  The sixth region is the cooling segment.  Power is 

turned off, the pressure is slowly released and the die is allowed to cool naturally. 

3. Comparison of Results 
Liu et al.67 were able to achieve densities of 93.0-99.4% theoretical density of a 

MgO-Y2O3 composite with a different mixture ratio.  The temperatures they used were 

slightly higher and pressures were much lower than used in these experiments.  They 

discovered that temperature played the largest role on final density and grain size, both 

increased significantly with an increase in temperature.  An increase of dwell time, at 

sintering temperature, lead to a slight increase in final density and a large increase in 

grain size.  By increasing pressure, density increased significantly but grain size changes 

were not reported. 

Jiang and Mukherjee70 also studied the effect of temperature on the density and 

grain size of the same composite.  Using a pressure of 80 MPa throughout their 

experiments, they discovered that 1200°C was sufficient in obtaining a sintered sample 

density of 99.1%.  When increasing temperature from 1200-1600°C the grain size grew 

from 90 nm to 800 nm.  The dwell had no effect on density and grain size trends were not 

recorded. 

The powders synthesized by spray precipitation were unable to be sintered to full 

density by using similar parameters discussed in the literature.  A representative SEM 

image of an often seen microstructure is shown in Figure 47, of a sample sintered at 

950°C with a pressure of 75 MPa with a final density of ~85% and a grain size of ~90 

nm. The powder morphologies were different in that the spray precipitation powders 

were more plate-like.  This difference in morphology may result in poor particle packing 

and ultimately effect sintering.  The type of agglomeration, hard or soft, cannot be 

compared and confirmed for certain, but it may also be an influencing factor on the 

inability to sinter to full density.  Exploration of higher pressures may prove beneficial 

for the sintering to full density and limiting of grain growth. 
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According to Tamburini et al.,128 the pressures required to obtain a sample with a 

relative density of 95% increases exponentially when temperature is decreased.  For the 

case of 8 mol% yttria stabilized zirconia (YSZ) 30 MPa is required at 1350°C, but 530 

MPa only requires 850°C.  This decrease in temperature also drives the grain size down, 

near that of the starting powder’s grain size, grain size of higher temperature samples is 

not stated.  In the case of YSZ the starting powder grain size is 6.6 nm and the final grain 

size of a >98% dense sample, sintered at 850°C and 530 MPa is 15.5 nm. 

In the sintering of the composite material the density only slightly increases with 

increasing pressure.  Figure 50 charts the densities achieved by sintering at pressures of 

38 MPa and between 300-500 MPa.  A sample was sintered at 38 MPa, to be used as a 

baseline, and the density achieved was around 85%.  A greater increase of density was 

expected when using higher pressures, but the inability to achieve densities greater than 

90% is most likely attributed to the dwell at sintering temperature before high pressures 

are applied.  This step (segment two in Figure 13) is possibly causing a presintering of 

the powders in a porous, coarsened, microstructure that is difficult to sinter even when 

high pressures are applied.  Non-densifying sintering mechanisms, such as surface 

diffusion and surface lattice diffusion, create hard necks between adjacent particles.  

After the high pressure is applied, the densifying sintering mechanisms, such as grain 

boundary diffusion, lattice diffusion from the grain boundary, and plastic deformation are 

unable to achieve full densification and pore elimination.  To increase the final sintered 

density the sintering profile must be optimized.  This means shortening the initial dwell at 

sintering temperature, and also exploring slightly higher sintering temperatures. 

Nevertheless these high pressures are able to keep grain growth to a minimum.  

This can be seen in the SEM micrographs of Figure 48 and Figure 49, as well as the chart 

displaying grain size with samples sintered at pressures of 300-500 MPa seen in Figure 

51.  If this is able to provide any insight on the importance of pressure, it should be that 

higher pressures could help limit grain growth during sintering, but other parameters 

must be optimized, specifically powder properties and sintering parameters. 

Sintering of the reverse micelle composite powders, by high pressure SPS, shows 

two regions of very different microstructure, shown in Figure 49.   The areas that contain 

small grains have an average grain size that is less than the starting powder mean particle 
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size.  This could mean that the starting powders are softly agglomerated and when high 

pressures are applied these agglomerates break apart and the final sintered grain size is 

closer to that of the crystallite size. The other region contains large plate-like grains, it is 

hard to pinpoint what is the origin of the large plate-like grains, but it could be attributed 

to a variation in the synthesis method over time.  The synthesis could be occurring 

outside of the micelle droplets, forming platelets similar to those seen in conventional 

chemical precipitation.  Also, insufficient cleaning could lead to impurities and ultimately 

a difference in composition, resulting in a different sintering bahavior.  The massive 

inhomogenity of the microstructure is likely the reason for the inability to sinter to a 

higher density. 
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SUMMARY AND CONCLUSIONS 

To create optimum final ceramic products an understanding of the starting 

materials is paramount for successful and knowledgeable processing.  In an ideal setting, 

the material properties can be tailored for certain applications.  This was the aim of this 

project, with focus on nano-powder synthesis, processing, sintering, and characterization.  

Starting powders of the smallest size obtainable are important for the processing of 

optical ceramics that require extremely small final sintered grain sizes.  Pure magnesium 

oxide, yttrium oxide, and composite powders can be synthesized by a normal 

precipitation method that yields mean particle sizes around 70, 85, and 105 nm, 

respectively. 

To synthesize the composite powder with a smaller mean particle size, around 70 

nm, a spray precipitation technique can be used.  The slow addition, in the form of spray 

droplets, of the magnesium and yttrium ions to the dilute ammonium hydroxide solution 

allow for small particles to precipitate and stabilize in a less-agglomerated fashion.  

Powders synthesized using this method are pure, have an average crystallite size of less 

than 32 nm, and a platelet-like morphology. 

This composite powder can also be synthesized by a reverse micelle technique 

that yields particles with a size around 60 nm, crystallite size of less than 20 nm, and 

somewhat agglomerated rounded-edge morphology.  Stability of the reverse micelle 

system is extremely important for the synthesis of the ceramic composite.  Since the 

water droplets inside the reverse micelles are the domains where precipitation reactions 

occur, the entire system must be stable throughout the process to ensure consistency and 

control over particle morphology.  For the AOT-isooctane-water reverse micelle system a 

water-to-surfactant ratio of 10 and ion concentration less than 0.6 M is adequate to 

maintain stability for magnesium nitrate and 0.3 M for yttrium nitrate. This synthesis 

technique has such small yields that so many batches must be made to have enough 

powder for further characterization.  Synthesizing multiple batches leads to variations in 

process and ultimately powder characteristics.  A continuous synthesis method is one 

possibility for consistent results. 
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Spark plasma sintering can be used to sinter the composite material.  This 

technique is much different than conventional methods because it uses fast heating rates, 

with constant application of uniaxial pressure.  To keep the grain size small and limit 

grain growth, low sintering temperatures must be used.  When high pressures are applied 

during sintering, the densification occurs more rapidly and at lower temperatures than 

conventional sintering methods. 

Common pressures seen in SPS are less than 130 MPa, which is approaching the 

physical capability of the common graphite die configuration.  A special die design, using 

silicon carbide components, was successful in applying pressures up to 500 MPa. 

 Powders synthesized by both methods can be sintered by high-pressure SPS to 

densities around 90% theoretical.  By using high pressures during sintering the final 

sintered grain size can be related to that of the starting powder’s particle and crystallite 

size.  Depending on the severity of agglomeration, final sintered grain size may be driven 

towards crystallite size or particle size.  For example, powders synthesized by the spray 

precipitation technique had a grain size of about 60 nm, whereas powders synthesized by 

reverse micelle technique had a grain size of about 30 nm (excluding the plate-like areas).  

Powders with soft agglomerates are proposed to break apart under high pressure, 

therefore final sintered grain sizes could be closer to that of crystallite size.  Powders with 

harder agglomerates are likely to yield final sintered grain sizes closer to that of the initial 

powder mean particle size. 

 Densities greater than 90% were not achieved by SPS since optimized sintering 

parameters were not attained.  Once the optimum heating and pressure profile is 

determined, higher densities are predicted to be achievable.  The high pressures are 

proposed to limit the grain growth to the point where the final grain size is close to the 

starting particle size or even crystallite size.  This trend is seen in the sintered specimens 

shown, however once higher densities are achieved the trend could be different.  To reach 

full density, one method is to use higher temperatures.  The current die setup was only 

capable of performing under the given parameters, so different temperatures could not be 

explored.  Optical materials require extremely high densities, since any porosity will only 

act as a scattering sight and attenuate light transmission.  Once full density is achieved 

optical and mechanical characterization can be performed. 
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FUTURE WORK 

 There are a few issues that must be addressed for further investigation in this 

project.  The synthesis methods must be reevaluated to lessen agglomeration and improve 

phase mixing.  The centrifugation step is likely attributing to agglomeration and phase 

separation.  The excessive g-forces necessary for simple collection are forcing 

agglomeration of the powders.  The chemical co-precipitation technique should 

theoretically achieve high levels of phase mixing due to the atomic mixing of the metal 

ions in solution.  However, the centrifugation step is also causing the segregation of 

phases due to density differences.  A less aggressive centrifugation step could be 

explored, or the supernatant could be evaporated, so that centrifugation is skipped 

altogether.  In that case, the extent of milling necessary is reduced. 

 The reverse micelle synthesis technique has a few things that must be addressed.  

This method theoretically allows for the synthesis of materials with a controlled particle 

size.  After the synthesis reaction occurs within the micelle, they must be collected and 

cleaned.  The collection and cleaning step was performed using centrifugation, but this 

method has shown to agglomerate the powders, resulting in a large particle size.  If the 

centrifugation is causing the micelle to rupture, lower g-forces could be used for longer 

times.  Another method to collect these powders could be through the use of membranes, 

in an osmosis technique, to separate the synthesized powders from the solvent.  The 

reverse micelle synthesis method also has very low yield.  Synthesis scale-up 

experiments should be performed, perhaps with a continuous process.  Also, to reduce 

costs associated with the oil and surfactant, recycling of the precursors should be 

explored. 

 Before the optical and mechanical properties of the material can be assessed, the 

material must be sintered to full density.  The high pressure sintering cycle, shown in 

Figure 13, must be optimized for complete densification.  The dwell after achieving 

1000°C was necessary to allow the die to come to thermal equilibrium.  This dwell 

should be shortened.  Before modifications to the die are considered, one method to 

attempt for the final densification of the material is to increase the temperature.  After the 

high pressure has been applied at 1000°C, the temperature can then be increased further 
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to activate the sintering mechanisms which dominate densification and the elimination of 

pores. 

 Modifications to the die which can aid in the optimization of the sintering cycle 

can be made.  The inner die and outer die wall thicknesses can be reduced, so that the 

thermal mass is lessened and the thermal gradients are reduced.  Also, silicon carbide is 

only conductive at high temperature.  This means that the current flow is only through the 

graphite components at low temperatures.  This will create large thermal gradients in the 

die.  Using a material such as tungsten carbide, which is more conductive at lower 

temperatures, will allow for the current flow through all the components, hopefully 

allowing for current flow through the sample.  The improved heating path with a lower 

thermal mass will allow for the application of high pressures after a shorter dwell when 

sintering temperature is reached.  These physical modifications to the die configuration 

should allow for shortening of the dwell before high pressure is applied.  This will 

minimize the particle necking and coarsening before high pressures are seen, so that 

higher densities can be achieved. 

 A study on the effects of particle size and agglomeration characteristics on the 

sintering of this powder system would be a significant contribution to the literature.  An 

experiment could be performed that involves monomodal, highly dispersed, powders.  

The powders could then be heat treated at various temperatures and times to coarsen the 

powders and increase the severity of necking between the particles, effectively changing 

the agglomeration characteristics of the powders.  The sintering behavior of these 

powders can then be studied using SPS to understand the effect of agglomeration on the 

ability to achieve full density and its influence on final grain size. 
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