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ABSTRACT 

Ultra-rapid densification has been reported in plasma sintering of various 

single phase ceramics. The microwave induced plasma was used to sinter synthetic 

Idaho Chemical Processing Plant (ICPP) alumina and zirconia based high level 

nuclear waste calcines in a nitrogen atmosphere. The sintering behavior of these 

nuclear waste calcines was observed with identification of the phases formed. 

A sintered density of higher than 3.20 g/cms was obtained within 10 minutes 

of plasma sintering of pure calcines. The addition of frit in pure calcines to form 

glass-ceramics resulted in a decrease of density to less than 2.0 g/cms. This was 

attributed to the reaction between frit and volatile substances in both zirconia 

based and alumina based calcines. The removal of volatile substances before 

sintering increased the sintered density of calcines. The lower sintered density was 

obtained for the more volatile samples. The phases formed in the plasma sintering 

of calcines were identified as a function of temperature and amount of frit. 
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A plasma is a gas of sufficient energy content that a significant fraction of the 

species present are ionized and hence become conductors of electrical charge. Plasmas 

can be generated by passage of a current or high energy through the conduction 

medium. Plasmas and the properties of plasma, specifically the high energy state of 

electrons and the high temperature that can be achieved, have found applications in 

chemical synthesis and material processing, including thermal plasmas used in melting, 

refining, deposition and chemical synthesis. Low pressure plasmas have been used in the 

deposition and processing of electronic materials [1]. 

Dugdale [2] was the first to use plasmas in the processing of materials. While the 

earliest plasma sintering studies were done by Bennet, McKinnon and Williams [3,4]. 

Thermal plasmas for the sintering of ceramics, especially oxide ceramics, have been 

used since Bennet et al first introduced the method. They applied a plasma induced by 

microwaves of 2540 MHz at a medium gas pressure, 1 to 50 Torr, for the sintering of 

alumina and the other oxides. From these studies, they reported much greater sintering 

rates, finer grain size and higher strengths than specimens sintered in a conventional 

furnace. The grain size of the plasma sintered specimens were reported to be 4 to 10 

fim compared to 50 to 150 (im in conventional methods. 

Bennet et al [4] suggested that the rapid sintering rate, i.e., rapid densification 

rate, could be caused by a decrease of the surface energy through surface cleansing 

and by an increase in the diffusion rate due to the creation of vacancies and localized 

internal heating of pores in the plasma state. The high strength associated with plasma 
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sintered specimens is attributed to the finer grain sizes. Changing the type of gas does 

not have any effect on the sintering process at a chosen temperature, but does 

influence the efficiency of heating. 

Other studies have produced similar results. Cordon and Martinsen [S] used a dc 

glow discharge produced by a cylindrical hollow cathode for the sintering of alumina. 

They reported that green alumina rods 0.6125 cm in diameter achieved 96 % 

theoretical density in S minutes at 1,370°C and IS % linear shrinkage. Longer 

sintering time did not increase the density significantly. Thomas, Freim and Martinsen 

[6] investigated the sintering of U02 using the same apparatus as Cordon and 

Martinsen. U02 pellets having an initial density of 55 % of theoretical density showed 

theoretical densities of 90 % with linear shrinkage of 12 % within 5 minutes at 

1,370°C. 

A study of sintering using the glow discharge technique was conducted by 

Thomas and Freim [7] to investigate the effect of electrode size, power needs, 

temperature and gap size on the ultimate theoretical density of U02. They 

observed the theoretical densities above 90 % in 10 minutes using either electrodes 9.8 

or 11.03 cm in outside diameter (O. D.) and 4.9 cm long. The measured density 

increased with temperatures up to 1,500°C and remained essentially constant. 

Johnson and Rizzo [8] used a radio frequency, induction-coupled plasma for the 

sintering of lithia stabilized /3"-alumina tubes. Sintering was conducted by controlling 

both power level and the rate of descent of the tube through the egg-shaped plasma 

generated at 5 MHz in a static argon atmosphere. They observed a sintering time of 

less than 90 seconds and fine grain size in the range of 5 to 10 microns throughout 

the specimen above 1,500°C. 
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Kim and Johnson [9] reported the results of sintering pure and MgO-doped 

alumina rods and tubes using the same radio frequency, induction-coupled argon plasma 

unit used by Johnson and Rizzo. They observed densities of 99.S % of theoretical 

density for 0.2S wt% MgO-doped alumina tubes and 96 % for undoped rods with 6 

cm/minute translation velocities; i.e., within 30 seconds. They measured the length of 

plasma as 3 cm. The specimens cracked at translation velocities greater than 6 

cm/minute. Maximum heating rates were estimated to be in excess of 100°C/sec. 

They also observed that the measured temperature of a green specimen passing 

through the plasma was much higher than that of an already sintered specimen passing 

through the same plasma. Halting the translation during sintering in the plasma caused 

a spontaneous drop in temperature by as much as 800°C. In addition, the maximum 

temperature observed increased as the rate of translation of the specimen through the 

plasma increased. 

Johnson. Kramb and Lynch [10] examined the sintering of 0"-alumina in both the 

S MHz RF plasma furnace used by Johnson and Rizzo and in a 2540 MHz microwave 

system. They confirmed such abnormal phenomena as a spontaneous temperature drop of 

specimens when translation was halted similar to the results reported by Kim and 

Johnson [9] during sintering and rapid densification. They also observed the specimen 

temperature oscillating several hundred degrees at the lowest translation rate of 1 

cm/minute. That effect was shown to be related to the porosity of the compacts by 

sintering specimens which remained porous throughout the firing cycle. These 

specimens did not spontaneously cool down when held stationary within the plasma. 

Kijima [11] examined the sintering of silicon carbide in a 4 MHz RF argon 

furnace. In several experiments on isostatically pressed bar specimens (5 x 5 x 40 mm) 
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an increase in the density of up to % to 99 % theoretical density was observed with 

the grain size in the range of 0.5 to 2 pm. Densification was accomplished within 

60 seconds at Ar gas flow rate of 60 ml/min. 

Kemer and Johnson [12] used a microwave induced plasma apparatus for sintering 

of pure and MgO doped alumina. A 13 mm quartz tube was inserted through a slot in 

the reduced height rectangular microwave applicator to contain a plasma excited at 

2450 MHz. They observed densities in excess of 99 % of theoretical in less than 2 

minutes, and densities approaching 99.9 % of theoretical in times under 10 minutes. The 

average grain size was about 2.4 /im. The maximum shrinkage rates as a function of 

time were 0.9 %/sec. 1.5 %/sec and 2.3 %/sec at specimen translation rates of 1, 2 

and 3 cm/minute. 

Kemer and Johnson found nitrogen displayed the best characteristics in terms of 

high sintering temperature and plasma stability, while an argon plasma as a plasma 

support gas exhibited the spontaneous cool-down effect described by Kim and Johnson 

[9]. The maximum values of temperatures, densities and grain sizes were measured for 

the gas pressure in the range of 0 to 8 KPa. The pressure of 4.9 KPa was chosen for 

most of the experiments because it resulted in the highest plasma temperature. 

Changes of surface morphology were observed with increasing sintering time. The 

surfaces were generally smooth in the first half minute of sintering but, a distinct 

grain structure emerged in 40 minutes. 

Johnson, Sanderson, Knowlton, Kemer and Chen [13] recently reported that the 

anomalous heating effects in induction coupled plasma, which were observed by Kim 

and Johnson [9], were due to the significant quantities of water inside the specimens. 
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They also reported the influences of various oxide dopants in the radio frequency 

plasma sintering of a-alumina. 

The present research was performed to determine the effects of microwave 

induced plasma heating on the sintering of synthetic Idaho Chemical Processing Plant 

(ICPP) zirconia and alumina based high level nuclear waste calcines. The densification 

behavior, phase identification, and microstructure of sintered calcines (with and without 

frit additives) were investigated. 
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2.1. Plasma 

2.1.1. Characteristics of a Plasma 

The term "plasma" was first introduced by Irving Langmuir in 1926 to 

describe the inner region of an electrical discharge. Later, the definition was 

broadened to define a state of matter in which a significant number of the atoms 

and/or molecules are electrically charged or ionized [14]. A plasma consists of a 

mixture of electrons, ions, and neutral species, it remains electrically neutral and 

is often considered as a fourth state of matter [15]. The majority of the universe 

exists in a plasma state, including the stars, which are almost completely ionized 

because of their high temperatures. The stars are an example of an equilibrium 

plasma in which the ionization is thermally induced and the temperatures of the 

neutral and charged species are in equilibrium. In laboratory experiments, however, 

such an equilibrium plasma is fairly uncommon, since laboratory techniques usually 

involve nonequilibrium processes, which maintain the ionization by raising some of 

the charged species to a higher temperature than the neutrals. The most common 

of these processes is the gas discharge which is called glow discharge [14]. 

In the laboratory, two kinds of plasmas can be observed. The first is the 

"hot", "thermal", or "local equilibrium" plasma which is characterized by an 

approximate equality between heavy particle and electron temperatures, i.e. the 

thermodynamic state of the plasma approaches local thermodynamical equilibrium 

(LTE). Such plasmas are known as thermal plasmas. Local thermodynamic 

equilibrium comprises not only kinetic equilibrium (Te - Tg : Te - electron 



temperature, Tg - gas temperature) but also thermal equilibrium (i.e., particle 

concentrations in a LTE plasma are only a function of the temperature). Typical 

examples of thermal plasma are those produced in high intensity arcs and plasma 

torches or in high intensity radio frequency discharges. The second type of plasma 

is known as "cold" or "non-equilibrium" plasma. In contrast to thermal plasmas, 

cold plasmas are characterized by high electron temperatures of the heavy particles 

(Te » Tg). Plasmas produced in various types of glow discharges such as in low 

radio frequency discharge, and in corona discharges represent typical examples of 

non-equilibrium plasmas [15]. The temperature characteristics of equilibrium and 

non-equilibrium plasmas are represented in Figure 1 [16]. Figure 2 indicates the 

main fields of application for both the LTE and cold plasmas [17]. 

2.1.2. Plasma Generation and Its Application 

A DC plasma is obtained by passing a pressurized gas through an electrical 

arc operated and maintained between two electrodes having a large potential 

difference across them [16,18]. Arc plasmas have been used in cutting, welding 

and melting metals, spraying metallic or non-metallic high melting point coatings, 

and activation of chemical reactions [16]. Low pressure glow discharges may also 

be produced between DC electrodes. They have low plasma temperatures and have 

been used in such processes as etching, polymerization and deposition of thin film 

[19,20]. 

The energy of disassociation and the ionization potential are provided by an 

electromagnetic field. There are three types of electromagnetic field generators: 

the induction plasma generator, the capacitive generator, and the microwave 
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Figure 1. Gas and electron temperatures in a plasma at various pressures 

(from reference 4). 
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generator. The induction plasma generator is also known as a high frequency or 

radio frequency generator [16]. Their major advantage is that they are 

electrodeless and therefore produce clean plasmas that do not introduce impurities. 

Radio Frequency Induction Coupled Plasmas (RFICP) or torches have been used in a 

wide variety of applications ranging from growing crystals [21], spheroidization of 

refractory materials [22], spectroscopic excitation [23] to chemical synthesis [24]. 

The microwave induced plasma (MIP) can be obtained in conjunction with a 

resonant cavity or applicator which receives the microwave power from a radiation 

source via a wave-guided or coaxial cable. The role of the discharge cavity is to 

transfer power from microwave source to the gas, which is contained in a glass 

tube. To match the impedance of cavity to that of the coaxial line of the 

microwave power supply some sort of coupling device should be used [30]. 

The microwave induced plasma (MIP) has found increasing application not only 

in materials processing [12] but also in analytic spectroscopy as spectroscopic 

sources [25,26]. These uses include the passivation of metals via the polymerization 

and deposition of organic thin films [27], the dissociation of diatomic gas molecules 

into their atomic species and chemical synthesis [28,29]. 

2.1.3. The Characteristics of Microwave Induced Plasma 

A microwave induced plasma has many attractive characteristics [30]. It 

produces a high degree of ionization and a large amount of molecular dissociation 

without undue heating of the background gas. With an MIP it is possible to 

construct reactive vessels which are simpler, free from contamination, and less 



subject to damage since there is no need for internal electrodes. An MIP produces 

little electrical interference, and the energy presents no dangerous high voltage 

which can be easily contacted. 

2.3.1.a. Microwave Breakdown 

Plasma may be generated by passing an electric current through a gas. Since 

gases at room temperature are excellent insulators, a sufficient number of charge 

carriers have to be generated to make the gas electrically conducting. This process 

is known as electrical breakdown, and there are many ways to accomplish this 

breakdown. Breakdown of the original nonconducting gas establishes a conducting 

path between a pair of electrodes. The passage of an electrical current through 

ionized gas leads to an array of phenomena known as gaseous discharges. Such 

gaseous discharges are the most common, but not the only means for producing 

plasmas. For certain applications plasma are produced by electrodeless radio 

frequency discharges, by microwaves, by shock waves, and by laser of high energy 

particle beams [15]. 

As the microwave power level is increased, the field strength will be 

increased. When an electric field of sufficient strength to produce breakdown is 

applied across a tube containing a gas, the electrons and ions are accelerated to 

very high speeds. Unless the frequency of the field is high enough so that the 

direction of the force on a charged particle is changed before the particle 

traverses the tube, impact with the wall is likely to produce other charged 

particles, thus multiplying the electron or ion concentration. When the rate at 

which electrons are thus produced exceeds the rate at which they disappear, the 

resultant rapid increase in concentration causes sparking or breakdown. The 



electrons generally play a dominant role because they are accelerated so much 

more by a given electric field than are the ions [31]. 

In breakdown of a gas, three types of interaction lead to electron losses. The 

first one is the free diffusion process, which can be caused by the interaction 

between electrons and container walls. This process plays important role in 

microwave breakdown and depends on the pressure (mean free path) and the 

container dimensions (diffusion length). The second one is the recombination 

process which is caused by the interaction between electrons and positive ions. The 

other one is the attachment process which is caused by the interaction between 

electrons and neutral atoms or molecules. The last two processes are negligible in 

microwave breakdown. So, microwave breakdown is controlled by free-diffusion 

[17]. 

Brown and Lathrop [32] have theoretically predicted and experimentally 

verified, respectively, the relationship among the electric field strength, pressure, 

and electron concentration of a microwave discharge. The average power 

transferred to a unit volume of gas in a microwave discharge is given by: 

e2 e2 n v 
P - . 2 

2m v2 + o>2 

c 

where e - the maximum field strength 

n - electron concentration 

m - the electron mass 

i>c - elastic-collision frequency 

0) - frequency of the applied field . 



The electron concentration in the plasma is directly proportional to the specific 

power at constant pressure. 

As the gas pressure in a microwave induced plasma is increased and the mean 

free path decreased, a point will be reached where elastic collision works against 

the initiation and support of the plasma. So, an optimal pressure exists for 

breakdown and stabilization. Figure 3 shows the relationship between breakdown 

field strength and pressure for an air, nitrogen, and oxygen plasma. The longer 

diffusion length means the higher breakdown field strength. Figure 4 shows the 

breakdown field as a function of gas pressure at different reactor sizes, in other 

words at different diffusion lengths. At high pressure, the breakdown field 

increases with the pressure. The efficiency of energy transfer is high at this 

pressure. But, if the pressure increases, an increasing fraction of the energy is 

dissipated in elastic collisions. At low pressure, the breakdown field increases when 

the pressure decreases. At this pressure, the electrons oscillate out of phases with 

the field, and an increasing scarcity of collisions decreases the efficiency of 

energy transfer. 

2.1.3.b. Steady State Discharge 

When the field strength is strong enough to initiate breakdown of the gas, a 

discharge is formed. The physical mechanism by which a stable discharge is formed 

is as follows: Under the influence of the electric field, additional electrons are 

formed from ionizing inelastic collisions between free electrons and gas molecules. 

This lowers the gas impedance which causes the field strength to fall. The lower 

field strength produces fewer electrons, and therefore the impedance and field 
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Figure 3. Continous-wave Breakdown in Air, Oxygen, and Nitrogen (a) at 992 

Mc/sec with The Diffusion Length A - 0.631 cm and (b) at 9.4 Gc/sec with A = 

0.103 cm (from Reference 31). 
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Figure 4. Continuous-wave breakdown in air in cavities of different characteristic 

diffusion length with f - 9.4 Gc/sec (from reference 21). 



strength finally reach an asymptotic balance. Maximum power transference is 

achieved when the gas impedance matches the characteristic impedance of the 

waveguide termination. The termination may take the form of a tapered waveguide 

section or resonant cavity, the purpose of which is to transfer power from the 

microwave source to the gas in an efficient manner [32]. 

The effective electric field required to maintain the stable discharge is much 

smaller than that required to break down the gas. The electric field strength is 

proportional to the square root of the input power. The relationship between 

absorbed power and pressure provides the good explanation of a plasma. Dorman 

and McTarggart reported the change of absorbed power as increasing the gas 

pressure for various gas plasmas [33]. The power absorbed passes through a 

maximum at a pressure characteristic of each gas in a range of 1 - 80 Torr. 

Bosisio et el [34] reported different results of absorbed power versus pressure 

compare to the Dorman and McTaggart's by using the large volume microwave 

plasma generator operating at 2.45 GHz. Unlike Dorman and McTaggart's 

characteristic maxima, they obtained curves which are flat over most of the 

pressure range, although their 500 W curves did show a slight rise in absorbed 

power around 25 Torr. Figure 5 is a graph of absorbed power versus pressure. For 

comparison, Dorman and McTaggart's cavity results for argon are also shown in 

this figure. 

One characteristic of low-pressure cold plasma is that the ratio of collisions 

of atoms with the wall to collisions with other atoms increases by a factor of 104 

as pressure decreases from atmospheric pressure to a fraction of 1 Torr where 

most cold plasmas are operated. A thermal plasma at atmospheric pressure can not 
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be in thermal equilibrium with a solid because of its high temperature and a plasma 

atom must suffer thousands of collisions before it reaches a surface. A cold plasma 

atom, however, has a mean free path of about 0.0S cm at 0.1 Torr and can reach a 

solid surface from the plasma after only a few collisions. This makes cold plasmas 

especially suitable for certain surface reactions [35]. 



2.2. High Level Nuclear Waste 
28 

Nuclear reactors derive their energy from the fission of nuclear fuel, the 

splitting of the fuel atoms into two or smaller atoms. One of the byproducts of 

electrical power generation by nuclear reactors is the highly radioactive liquid 

consisting of fission products and other wastes left after most of the U and Pu 

have been removed for reuse. Several of the isotopes in the waste will endanger 

life for up to 5 x 105 years so that some means must be found to convert the 

liquid waste into a stable solid which can be effectively isolated from the 

biosphere for this duration. 

The waste is generally classified into low level, intermediate, and high level 

or heat generating wastes depending on the amount of radioactivity in it. Most of 

the high level radioactive waste that has been produced by the reprocessing of 

nuclear fuels in various countries is now stored either as a liquid or as salt cake 

in underground tanks. The storage of high level radioactive liquid waste is well 

understood interim operation before solidification is adopted [36]. Converting the 

waste liquid into a solid by drying and calcining, usually by fluidized bed or spray 

techniques at temperatures below 600°C, is an important first step before 

solidifying it as a glass or ceramic [37]. 

The liquid form high level nuclear waste has usually been stored in stainless 

steel tanks. The solidification of liquid waste and calcines have been developed 

using the various kinds of glasses for safe storage and disposal. Among various 

solidification methods, the vitrification of nuclear waste using glass as a media has 

been successful, and developed for industrial use [38]. Unfortunately, it has the 



limitation of waste loading below 40 wt%. Thus, several new methods have been 

investigated to immobilize the nuclear waste in the form of ceramic and glass-

ceramics to increase the waste content higher than 50 wt%. 

2.2.1. Glass As a Media for Immobilization of HLW 

The deposit of nuclear waste in geological salt formations is the most 

accepted ultimate disposal approach to prevent environmental contamination. An 

additional barrier to the spread of contamination during transport and storage is 

fixing high level waste in a durable and stable monolithic form [39]. 

High level liquid radioactive waste usually contains ~ 40 different elements. 

Immobilization of this range of elements can be achieved by vitrification because 

of the geometric flexibility afforded by an disordered glass structure [38]. Roberts 

[40] has summarized the desirable properties for the immobilization of the high 

level nuclear waste in a stable solid structure as follow; 

1. good capacity to accept all the elements in the waste 

2. composition range flexible enough to accommodate variations in the waste 

3. good resistance to leaching by water 

4. good mechanical integrity at elevated temperatures 

5. good resistance to irradiation damage. 

Among them, properties 1 and 2 would be obtained by using glass as immobilization 

media. 

The use of glass in immobilizing the nuclear waste has made possible to 

develope vitrification processes like HARVEST process and the Marccoule 



Vitrification Plant (AVM) on industrial scales [38]. The high level nuclear waste is 

simply mixed with more than 80% glass. The mixture is then melted and cooled in 

metal canister for permanent storage. Figure 6 shows a schematic explanation of 

the processes in making high level waste glass. 

Glass has the different structure compare with crystalline structure. It 

exhibits the short range order. A number of models have been suggested to 

describe the structure of glass. Among them the random-network model where 

glasses are viewed as three-dimensional networks or arrays, lacking symmetry and 

periodicity. In case of oxide glasses, these network are composed of oxygen 

polyhedra which are triangles and tetrahedra. This structure has a certain 

amount of free volume in the form of interstitial sites. These interstitial sites of 

different sizes can accommodate by addition of alkali or alkali- earth elements, 

providing local charge neutrality is maintained. Also, cations of higher valance and 

lower coordination number than the alkalis and alkaline earths may contribute in 

part to the network [41]. The existence of different sized sites is the biggest 

single advantage of a glass structure, enabling a much wider range of waste 

compositions and concentrations to be accommodated. 

For the vitrification of nuclear wastes, various kinds of glasses have been 

used. Initially, the investigations emphasized relatively high melting formulations 

(operating temperature 1,250 to 1,400°Q resembling those of common glasses. As 

development began on an engineering scale, emphasis shifted to lower melting 

formulations (operating temperature 950 to 1,150°Q that allowed melting in metal 

containers. The lowered operating temperatures also significantly reduced volatility, 

permitting a higher wastes loading in the glass. 
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The major glass formers are Si02, F^Oj, and P203. One or more of 

these glass formers are essential constituents of all waste glasses. The 

characteristics of the waste glasses are then determined by the amount and type of 

intermediates and modifiers added. The intermediates, which include zirconia, 

titanium, and aluminum, generally increase melting point but also increase chemical 

durability. But the modifiers like the alkalies and alkaline earths generally aid in 

melting but may decrease chemical durability. Usually, the waste constituents act 

as glass intermediates or modifiers. Waste glass formulation then consists of adding 

supplemental intermediates and modifiers in addition to the basic glass formers, to 

obtain a final glass with the desired properties [42]. 

The factors for the selecting the waste glasses are meltability and 

teachability. As noted earlier, the melting point of a glass is generally decreased 

by additions of B2O3, CaO, ZnO, Li20, Na20 and K20. but such additions often 

increase teachability. So, compromises must be made between achieving optimum 

meltability and leachability. For optimization in both melting temperature and 

leachability, various glass compositions have been investigated [43,44,45,46,47]. 

Phosphate glass [42] and borosilicate glasses [42,48,49] have been used for 

the formation of HLW glasses. Phosphate glass undergoes devitrification above 

S00°C and this devitrification increases the leach rate by a factor of 1,000. 

Extreme corrosivity of the melt was, also, observed in this glass. For these 

reasons, the borosilicate glass has been preferred in the vitrification of HLW. Table 

1 shows the composition of representative HLW borosilicate glasses. 



Table 1. 
Composition (wt%) of Representative HLW glasses 

Composition Range 

SiO, 27 - 52 

B O  9 - 2 2  
2 3 

Alkalies 8-52 

Alkaline earths 0-6 

Alumina 0 - 1 

ZnO 0-22 

TiO„ 0-3 

Waste Oxides 20 - 40 

From Ref. [42] 



Devitrification is always possible because of the metastable thermodynamic 

state of glasses and as such can lead to a deterioration of the properties of 

solidified waste. Devitrification of borosilicate glass resulted in an approximate 

ten fold increase in teachability. Some of the phosphate HLW glasses showed 

increases in teachability of 103- to lOMold after devitrification [50]. 

2.2.2. Glass-Ceramics for The Immobilization of HLW 

Glass-ceramics are a possible alternatives to glasses for immobilization of 

high level waste for deep geological disposal. Additions such as titania to the 

basic borosilicate glass composition encourage maximum crystallization so that the 

final product is more thermodynamically stable. The glass-ceramic in immobilizing 

nuclear waste has been selected as the best compromise between desirable 

properties of crystalline materials and the accommodating nature of glass [51]. 

Various ways have been studied for immobilization of nuclear waste in glass-

ceramics. In a way, the formation of glass-ceramics based on crystalline sphene 

(CaTiSiOs) has been studied by using both melt casting and sintering as changing 

waste loading up to 15 wt%. [52,53]. In melt casting, glasses were melted with 

waste oxides at temperatures >1,250°C. The melts were then cast and heated for 

crystallization to form glass-ceramics. In the sintering technique a glass "frit" is 

mixed with HLW. The mixture is then pressed and sintered at a temperature of 

850 to 900°C to obtain the glass-ceramics. 

Glass-ceramics usually have been prepared by Hot Isostatic Pressing (HIPing) 

waste and frit components at a pressure of over 100 MPa in the temperature range 

of 950 to 1,050°C [54,55]. This process has resulted in an approximately 100 % 



dense product consisting of several crystalline phases and a glass phases both of 

which serve to the host radionuclides. 

The titania/silica glass-ceramics were formed by HIPing at 60 and 70 weight 

per cent waste loadings. They showed the densities of 3.4 and 3.55 g/cm3, 

respectively [56]. The presence of silica improves the leach resistance of the form 

by over an order of magnitude for Sr and Cs. Also, the formation of both zirconia 

and corundum was observed as highly stable crystalline phases which hosts Sr and 

4+ valent actinides and increase the density of the form. 

Zirconia rich simulated calcine was formed by hot isostatic pressing using frit 

rather than simple silica [57]. In forming the glass-ceramics, the extent of the 

crystalline was found to be a function of the waste loading, additions, and 

consolidation temperature. Temperatures between 800 and 1,100°C were used in 

consolidation with a hot isostatic pressing pressure of 68.7 MPa. The typical 

temperature cycle of the hot isostatic pressing runs included 90 minutes to heat up 

to temperature, 120 to 240 minutes of soak time, and 90 minutes of cooling. The 

different phase distributions were observed at waste loading from 50 to 90 wt%. 

Table 2 shows the crystalline phases formed in a glass-ceramic and the expected 

immobilized radionuclides. 
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Table 2. 

Crystalline Phases Observed in Idaho Chemical Processing Plant Glass-Ceramic 
Waste Form and Expected Immobilized Radionuclides (from Reference 58) 

Crystalline Phase Phase Formula Immobilized Radionuclide 

Fluorite CaF2 Sr 

Zirconia and 
Calcium- or 
Yttrium-Stabilized 
Zirconia 

Zr02 Actinides and Multi
valent Fission Products 
Including Sr, and 
Rare Earths 

Zircon ZrSi04 Actinides 

Nepheline NaAlSi04 Monovalent Fission 
Products Including Cs 

Amorphous Alkali Aluminum-
Borosilicate Glass 

Fission Products 
Including Cs and Sr 



2.2.3. Ceramic Form in Immobilization of Nuclear Wastes. 

A ceramic is one of the alternatives for solidification and storage of high 

level wastes. The term ceramic includes any inorganic non-metallic solid, so that, 

strictly speaking, glass and glass-ceramic are also ceramics. Ceramic means an 

assemblage of crystalline phase in monolithic form. 

The concept of immobilizing the radioactive elements of nuclear waste in a 

ceramic form was first introduced by Hatch in 1953 [59]. Since that time, some 

ceramic forms have been developed [56,60,61]. In tailoring ceramics, the existing 

chemical composition of nuclear wastes should be considered to reduce required 

tailoring steps and produce a solid ceramic form with the high waste loading and 

volume reduction. The tailoring is usually designed to produce specific host phases 

for the waste radionuclides such that the bulk of the ceramic form would be made 

up of highly insoluble phases containing no radioactive material and providing 

microstructural isolation of the radio phases to improve the leach resistance of the 

form [60]. 

Like glass-ceramic, one of the features of ceramics is their thermodynamic 

stability. Accordingly, another approach is to replace the borosilicate glass with 

ceramics in immobilizing the nuclear wastes. This concept leads to the 

introduction of synthetic rock (SYNROQ [61]. SYNROC is a titanate ceramic 

composed of three constituent minerals - zirconolite CaZrTi2. hollandite 

BaAl2Ti016. and perovskite, CaTiOj. These minerals have the capacity to accept 

nearly all of the elements present in high level radioactive wastes into their 

crystal lattice. SYNROC has exhibited better leach resistance and higher waste 

content than borosilicate glass [62]. 



Sintering of SYNROC-B was developed by Palmour et al as a simpler process 

[63]. Before this new process, Ringwood et al [64] succeeded in forming SYNROC-

B using an in-can hot pressing process at a temperature above the solidus (T > 

1,325°Q. They reported coarse grains (approx, 1 mm) of the desired phases. 

Palmour et al sintered silica free SYNROC-B with and without 10 wt% simulated 

radwaste at around 1,200 to 1,220°C i.e., more than 100°C below the temperature 

reported for hot pressing. They observed final densities of 4.29 g/cm3 and 4.22 

g/cm3 of undoped SYNROC-B and SYNROC-B with 10 wt% radwaste, respectively. 

The typical grain size was 1 to 3 fim. 

High-alumina tailored nuclear waste ceramic has been formed by reactive hot 

pressing [60]. The ceramic consists of four compatible crystalline phases, alumina 

(A1203), spinel, magnetoplumbite (XY12016 where, X - Sr. Ba, Cs„5 + La<,5 etc, 

and Y - Al, Fe, Ti, Si and Mn) and uraninite (UOJ. The magnetoplumbite phase 

can incorporate the elements Cs, Sr. Si, Na, Ca, Ba, La, Nd, Mn, Fe, Ce, K and Ni 

in its crystal structure whereas the uraninite phase hosts the elements U, Th and 

Zr. 

Harker et al [56] reported the formation of polyphase ceramic. A ceramic form 

with a density of 3.8S g/cm3 and consisting of CaFz, Zr02, A1203 and an 

amorphous phase was prepared from 100 wt% calcined waste by HIP at 1,050°C. A 

short term static leach test showed that the amorphous phase was highly soluble. 

Accordingly, the 100 % waste ceramic form demonstrated the need for a less 

soluble Cs and Sr host phase to improve leach resistance. 



The addition of Ti. Ca and La was investigated for the formation of host 

phase of Cs and Sr. The consolidation of this ceramic form at 75 wt% waste 

loading was accomplished at 970 and 1,0S0PC by HIPing under an Ar atmosphere. 

The resultant forms had densities of 3.73 and 3.75 g/cms, respectively. 

Consolidation at 1,050°C produced an enhanced amount of pervskite and corundum 

with less zirconolite compared with 970°C. Both of these forms showed improved in 

leach resistance for Ca, Al, Sr and B by a factor of 5 to 10 compared with the 

100 % waste ceramic. 



CHAPTER 3 
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EXPERIMENTAL PROCEDURES 

3.1. Specimen Preparation 

Simulated zirconia and alumina based ICPP (Idaho Chemical Processing Plant)* 

nuclear waste calcines were used with Frit 127 to form sample rods for plasma 

sintering. The composition of these calcines and Frit 127 is shown in Table 3. The 

particle size of the as received calcines was around 220 fim. The calcines were 

ground for 3 minutes using a shatter box** that consists of steel mediums inside 

a steel box. After grinding, the powders were sieved to minus 200 mesh, and then 

mixed with frit in the appropriate proportions. The admixtures were then cold 

pressed at 68.9 MPa (10,000 psi). The specimens were 0.625 cm in diameter and 1.8 

cm in length. 

3.2. Apparatus For Microwave-Induced Plasma Sintering 

A schematic diagram of the apparatus used for microwave-induced plasma 

sintering is shown in Figure 7. The microwave power was provided by a Gerling 

Laboratories*** model GL 102 generator which consists of a magnetron operating at 

2,450 MHz and having a variable output of 0 to 3.0 KW. The power from the 

generator was delivered to the waveguide applicator (Gerling Lab. model GL 511) 

through a series of rectangular wave guides and wave guide accessories, which 

causes the microwave power to interact with the material being processed. The 

wave-guide applicator is designed to allow insertion of a quartz tube without 

* Westinghouse Idaho Nuclear Company. Inc., Box 4000, Idaho Falls, ID 83403. 
** Willy Bleuler Apparatebau, Zollikon-Schweiz, Switzerland. 
*** Gerling Laboratories, 1628 Kansas Avenue, Modesto, CA 95351. 
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Table 3. 

Composition In Wt.% of Frit and Calcines 

Frit 

Si02 Na20 Li20 B2O3 CuO 
••MM. 

70.3 12.8 6.2 8.5 2.1 

Calcines* 

A1 J3 Ca Cd Cs JC Na Sr Zr 

Zr-5B 17.83 0.73 22.56 0.37 0.01 0.09 0.64 0.11 12.56 

A1-9B 35.32 0.41 5.92 0.10 <0.01 0.01 0.30 0.02 3.64 

* These elements exist in the form of compounds of oxides and fluorides in 
calcines. 



microwave leakage. 

A three port circulator (GL 401) was inserted next to the microwave 

generator. The circulator redirects the reflected power generated by the applicator. 

The redirected reflected power in the three port circulator was absorbed in the 

dummy load (GL 402) using water as the absorbing media. A tuner (GL 405) was 

also used to match an impedance in the waveguide which is the reciprocal of the 

impedance of the applicator. The reflected and forward powers were measured by a 

power meter (GL 202) through a directional coupler (GL 206) which measures power 

flowing in both directions simultaneously. 

Figure 8 is an actual photograph of the micrograph of the microwave induced 

plasma sintering apparatus. It consists of 60 cm long fused quartz tube having an 

outside diameter of 25 mm, and an inside diameter of 22 mm inserted through the 

wave guide applicator where it was positioned at the center using an aluminum 

head attachment. The wave guide applicator permitted the structure to be used 

with a multi-stub tuner for optimum coupling. The applicator was specifically 

designed to prevent microwave leakage. Many holes were made in the applicator to 

help the cooling of the quartz tube by blowers. The addition of the holes to the 

applicator did not cause any leakage of microwaves. A 1.905 cm diameter hole was 

made and connected to 5 cm long aluminum pipe in the center of applicator in 

order to measure the specimen temperature. 

The pressure inside quartz tube was determined by the media gas pressure and 

vacuum pressure drawn by a mechanical pump. The mechanically operating DIAVAC 
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Figure 7. Schematic Diagram of Microwave-Induced Plasma Sintering Apparatus. 



Figure 8. Photograph of Microwave-Induced Plasma Sintering Apparatus. 



diaphragm vacuum gauge*, which can provide an accurate pressure reading from 1 

to 760 torr, was positioned between the flowmeter and the quartz tube to measure 

gas pressure in the reactor. The gas entered the upper part of the reactor tube 

through a rubber stopper. Gas was drawn out of the reactor through an aluminum 

head attachment by means of a mechanical pump. The aluminum head attachment 

provided a gas tight seal for the quartz tube and also a means of loading the 

sample rods and translating them up and down through the plasma as shown in 

Figure 9. An Erlenmeyer flask was positioned in the outflow line to trap any 

debris that could possibly be drawn into the vacuum pump. A needle valve was 

used to regulate the vacuum inside the quartz tube. In all experiments, the gas 

flow rate was fixed at 57 ml/minute following trial and error experiments leading 

to a stable and well confined plasma. 

Samples to be sintered were secured in a boron nitride sample holder that 

was connected to the 0.62S cm diameter alumina translation rod. The translation 

rod passed through an O-ring seal in the aluminum head attachment and was 

connected to the translation apparatus by a Jacobs chuck. Translation of the 

sample assembly was provided by a threaded rod turned by an electric motor. The 

translation speed was variable and could be set within the range of 1 to 6 

cm/minute. The motor was also connected so as to provide rotation of a specimen 

in the plasma. The dual motion resulted in a more uniform heating of the sample 

in the plasma. A rotational speed of 22 RPM was used for the sintering study. 

Figure 10 shows a picture of the translation and rotation apparatus used in the 

experiments. 

* INFICON LEYBOLD-HERAEUS, Inc. 6500 Fly Rood E. Syracuse, N. Y. 13057. 
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Figure 10. Photograph of Translation Apparatus. 



3.3. Sintering Procedure. 

To obtain a plasma for sintering, after inserting the sample rod into the 

quartz tube, the quartz tube was pumped down to a pressure below 1 torr. 

Nitrogen was allowed to flow into the reactor at a set pressure of 10 torr to 

flush out any air inside the tube. Then, the reactor pressure was reduced again to 

about 1 torr. With the pressure reduced, the microwave power was turned on and 

current increased to approximately 0.1S KW. In most cases, the purple plasma was 

ignited spontaneously without sparking the side of the quartz tube with a Tesla 

coil. During sintering, forced air was used to cool the quartz tube. At a set 

pressure and power, sintering was performed by rotating the specimens in the 

plasma. Different sintering temperatures were employed for each sample depending 

on the sample composition. 

3.4. Optimization of Experimental Parameters in the Microwave Induced Plasma 

Sintering 

After setting up the experimental apparatus as explained in the previous 

section, the optimization of the plasma sintering process was performed by 

controlling the experimental parameters. The experimental parameters include 

sample composition, microwave power level, sintering tube size, translation and 

rotation rate of specimen, sintering time, and gas pressure. The optimization of 

these experimental parameters was necessary to achieve the best use of the 

experimental set-up. Nitrogen was chosen as the plasma support gas in these 

experiments because of its reported stability at high plasma temperatures [12]. 

Among experimental parameters, the sample composition will be discussed in detail 

in the next chapter. 



Microwave Power Level 

The microwave generator's maximum output power was 3.0 Kw, this power 

range was found to be sufficient to raise the sample temperature to its melting 

point. The various sample compositions determine the different microwave power 

levels employed in the sintering process. The plasma temperature increased with 

power. Most experiments were performed at the microwave power less than 1.0 Kw. 

This power range was enough to obtain the high plasma temperatures for the 

sintering of nuclear waste calcines. At power level higher than 1.0 Kw, the quartz 

tubes melted at a gas pressure greater than 100 Torr. Smaller quartz tubes were 

easily melted because of the higher plasma temperature associated with the 

confined plasma. The relationship between tube size and plasma temperature will 

be discussed below. 

Quartz Tube Size 

Four different quartz tubes having inside diameters of 12, 22, 38 and 50 

millimeters were used in preliminary sintering experiments. It was found that the 

smaller diameter tubes showed a higher plasma temperature for set conditions. 

The larger diameter tube contained a larger volume of plasma causing lower 

plasma density, and thus lower plasma temperature. A quartz tube having an 

inside diameter of 22 millimeters was used in all subsequent experiments because 

it provided a wide range of plasma temperatures from low to high plasma 

temperatures as changing the gas pressure. This wide range of plasma 

temperatures was suitable for the sintering of nuclear waste calcines because of 

the large differences in sintering temperatures. 



Translation and Rotation Rate of Specimen 

Temperature gradients were observed in both sides of the specimen and 

between the top and bottom parts of the specimen in plasma sintering of simulated 

nuclear waste calcines. The temperature gradients, observed by optical pyrometer, 

were around 100°C on both sides and between the top and bottom parts of 

specimen when the specimen was statically held in the plasma. Temperature 

gradients were attributed to the heating effects of microwave power. The melting 

of a 12 mm quartz tube occurred on the side receiving microwave power when 

the power reached more than 1.0 Kw at a set gas pressure. This phenomena 

supported the heating effects of microwave power. Uniform heat transfer through a 

specimen was made possible by translating and rotating the specimen. 

A set rotation speed of 22 RPM provided uniform heat transfer to both sides 

of the specimen which was verified by measuring the temperatures on both sides of 

specimen using optical pyrometer. The translation was not carried out in spite of 

the temperature gradient between top and bottom parts of the specimen because of 

sintering times greater than 10 minutes. A translation rate of faster than 3 

cm/minute was expected to reduce the temperature gradient between the top and 

bottom parts of the specimen. Considering the length of plasma is around S cm, 

the specimen could be held in the plasma for less than 2 minutes at a translation 

rate of 3 cm/minute. The translation of specimen did not give the enough sintering 

time in plasma sintering. 

Sintering Time 

The sintering time is one of the important process variables in microwave 

induced sintering. It is controlled by simply statically submerging the sample in 



plasma for a set period. A set length of sintering time, of 10 minutes was 

applied for the plasma sintering of nuclear waste calcines. 

Gas Pressure 

The effect of gas pressure on the plasma temperature was one of the earliest 

observations made in the plasma sintering. It was found that as pressure was 

increased from low values to extinction pressure, the plasma temperature was 

increased until just below the extinction pressure. Increase in the plasma pressure 

also resulted in a decrease in the plasma volume. 

3.S. Measurements 

3.5.1. Temperature Measurements 

Accurate measurements of the temperature of a specimen during sintering 

were not possible in the plasma. Thermocouples could not be used because of 

perturbation by the electromagnetic field. An optical pyrometer was preferred in 

measuring the temperature of a specimen in the plasma. The interference from the 

luminous plasma, however, made accurate measurements of the sintering 

temperature difficult. Despite these difficulties, sintering temperatures were 

measured using a Pyro Micro-Optical pyrometer*. The temperature was read when 

exact blending of pyrometer lamp filament and object was accomplished by means 

of a rheostat in the optical pyrometer. The temperature range of the optical 

pyrometer was from 700 to 3,200°C. 

* The Pyrometer Instrument Co., Inc. Northvale, New Jersey 07647. 



3.5.2. Density Measurement 

The densities of sintered specimen were measured by the Density 

Determination Kit"1 using the Archimedes method. The Density Determination Kit 

was designed to determine the density of solids and liquids with top-loading 

balances. The density of a specimen was simply determined by using a liquid of 

known density, water. The specimen was first weighed in air and then immersed in 

water during which time the specimen was again weighed. From these two 

measurements, the density p was calculated as follows. 

A 
p - _____ . p0 

A - B 

p - density of solid body 

A - weight of solid body in air 

B - weight of solid body when immersed in test liquid, water 

Po - density of test liquid at room temperature. 

Any object weighed in air is subject to a buoyancy force. The error 

associated with this force is approximately 0.1 %, i.e., the true density is about 

0.001 g/cm3 more than the calculated density. 

3.5.3. Weight Loss Measurements 

Volatile elements in the calcines made large pores in the sintered 

specimens. Weight loss measurement as a function of temperature were 

important in understanding the sintering process for each calcine. 

* Metller Instrument Co.. Box 71, Highstown, N. J. 08520. 



A Setram* TG 85-16-18 thermogravimetric analyzer was used for measuring weight 

losses of calcines and frit. This instrument was connected to a microcomputer and 

designed to operate up to 1,700°C at various heating rates and atmospheres. 

The weight losses for the pure zirconia and alumina-based ground calcines 

were measured under an Argon atmosphere up to 1,300°C and 1,600°C at a heating 

rate of 10°C/minute. The weight loss for frit was also measured up to 1,200°C at 

the same operating conditions as for the calcines. The weights of samples used in 

thermogravimetric analysis were between 25 and 50 mg. 

3.5.4. Microstructure 

The microstructures of sintered specimens were observed using an ISI Super 

I1IA scanning electron microscope**. The specimens for microstructure analysis 

were prepared by cutting the sintered rods using a slow speed saw with a 

diamond wheel. After coating with Au/Pd, the cross sections of specimens were 

observed with SEM. The elemental composition of the phases formed during 

sintering were also analyzed using energy dispersive X-ray (EDX) analysis. 

3.5.5. X-Ray Diffraction Analysis 

The phases formed in plasma sintering were identified using a CE XRD-5 X-

ray diffractormeter with monochromatic copper Kot radiation and a nickel filter. 

The beam slit used was 3° medium resolution (MR) and the detection slit used was 

* 7, rue de l'Oratoire - B. P. 34 - 69641 CALUIRE CEDEX, FRANCE. 
••ISI, 3255-6C Scott Blv. Park Square, Santa Clara, CA 95050. 



0.1° MR. The sintered specimens were ground by using a mortar and pestle then, 

deposited on the glass microscope slides for X-ray diffraction. For all runs, a 

scan rate of 2°/minute was used. The phases formed were identified using X-ray 

peaks obtained with help of the JCPDS power diffraction file and card*. 

* International Center for Diffraction Data, 1601 Park Lane Swarthmore, PA 19081-
2389 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 

4.1. Terminology 

The terms "fine calcines" and "particle calcines" were used in describing the 

two kinds of calcines employed in the present experiments. The "particle calcines" 

refer to as-received calcines having an average diameter of 220 fim and the "fine 

calcines" refer to the calcines ground and screened to minus 200 mesh. Pure (100 

per cent) fine calcines and those mixed with frit in a certain weight ratio will be 

called 5BP or 9BP and 5BF20 or 9BF30, respectively; P stands for the pure fine 

calcines. 5B and 9B stand for the zirconia and alumina based calcines, 

respectively. In 5BF20 or 9BF30, the F20 or F30 stands for the weight per cent 

of frit mixed with 5B or 9B calcines. For example, 5BF20 is the zirconia based 5B 

calcines mixed with 20 weight per cent frit. Table 4 gives a detailed description 

of the notations for the specimens used in this study. 

In discussing temperatures in the sintering process, the terms of sintering, 

plasma, and specimen temperature were used. In order to avoid possible confusion 

in the use of these terms, each term is defined below. The sintering temperature is 

the temperature which converts the green sample into dense ceramic products 

through particle joining, piece shrinkage, and pore elimination. A temperature 

between one half and three quarters of the absolute melting temperature is known 

as the sintering temperature in sintering of metal and ceramic powders. The plasma 

temperature and specimen temperature were used synonymously in discussing the 
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Table 4 

The Terminology Used In Labelling Specimens 

Notation Meaning 

5BP 100 % 5B Fine Calcines 

5BF20 Zirconia-Based 5B Fine Calcines Mixed With 20 wt% of Frit 

5BF50 Zirconia-Based SB Fine Calcines Mixed With 50 wt% of Frit 

9BP 100 % 9B Fine Calcines 

9BF30 Alumina-Based 9B Fine Calcines Mixed With 30 wt% of Frit 

9BF50 Alumina-Based 9B Fine Calcines Mixed With 50 wt% of Frit 



sintering behavior of both calcines. The plasma temperature was measured by the 

existence of an object inside plasma using optical pyrometer. The measured 

temperature of an object is also the specimen temperature. The plasma temperature 

was known by measuring the specimen temperature. The plasma temperature, 

however, is different from the sintering temperature. While the sintering 

temperature is dependent upon the specimen's composition, plasma temperature is 

dependent upon the external experimental parameters such as the gas pressure, 

tube size and microwave power. 

4.2. Absorbed Microwave Power and Plasma Temperature As a Function of Gas 

Pressure. 

Gas pressure was one of the main control parameters in changing the plasma 

temperature. Plasma temperature has a relationship with the absorbed power of 

the microwave. The ratio of absorbed power to forward power was higher than 

95 per cent up to around one third of the extinction pressures. As the pressure 

was increasing, the absorbed power decreased as shown in Figure 11. The 

present measurements of absorbed power showed much better efficiencies than did 

the results of Kemer, et al., [12] and Dorman, et al. [33] as shown in Figure 11. 

Kemer, et al. observed a maximum of absorbed power at a pressure equal to about 

one half of the extinction pressure. Dorman, et al. also reported the absorbed 

power versus pressure relationship showing a maximum at a pressure equal to about 

two third of the extinction pressure. But Bosisio, et al. [33] observed a different 

relationship between absorbed power and gas pressure. This relationship was 

plotted in Figure S. Bosisio, et al. obtained curves which are flat over most of the 



pressure range. It was rather similar to the results obtained in the present 

measurements. 

Figure 12 shows the plasma temperature at several values of forward power. 

It was found that as pressure increased from low values, the plasma temperature 

increased until just below the extinction pressure. The plasma temperature 

measured by Kemer, et al. is also shown in Figure 12. A maximum temperature was 

obtained at a pressure equal to about one half of the extinction pressure as the 

absorbed power showed a maximum. In the measurements of Kemer, et al., the use 

of 13 mm inside diameter quartz tube made higher temperature possible to obtain 

at a lower gas pressure. This smaller quartz tube also resulted in lower extinction 

pressure. 

The differences in these measured plasma temperatures and absorbed powers 

could be attributed to the differences in the instruments used in matching the 

microwaves, i.e., the tuner and applicator. In our experiments, the 4 stub tuner and 

wave guide applicator were employed in order to obtain the maximum absorbed and 

minimum reflected powers. 

4.3. Sintering Temperature As a Function of the Amount of Frit. 

In the immobilization of nuclear wastes in the form of a glass-ceramic, the 

addition of glass to the waste calcines decreases the melting temperature, i.e. the 

sintering temperature [42]. The use of frit, which is a mixture of various 

compounds with glass, rather than glass alone, is a well-known way to form 

desirable phases in glass-ceramics. 
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The change of the ratio of frit to calcines in specimens was followed by 

changes in the sintering temperatures, because of the lower melting temperature 

of the frit compared to that of the calcines. Some specific ratios of frit and 

calcines were chosen for the sintering study. Zirconia-based 5B calcines mixed 

with 20 weight per cent of frit 127, and alumina-based 9B calcines mixed with 30 

weight per cent of frit 127, were chosen along with the compositions of both SB 

and 9B calcines mixed with SO weight per cent of frit. The sintering temperature 

for these admixtures are shown in Figure 13. This figure shows the sintering 

temperature change of zirconia based SB and alumina based 9B calcines with 

increasing amounts of frit. The sintering temperatures of both SB and 9B pure 

calcines were 1,300°C and 1,600°C, respectively. The addition of frit in both 5B 

and 9B calcines caused a definite decrease of their melting temperatures and thus 

decreased the sintering temperatures as well. The malting temperature of the frit 

was found to be at approximately 600°C. The higher sintering temperatures of the 

9B calcines as compared to those of SB calcines are attributed to the higher 

alumina content in the 9B calcines. High content of frit in the both calcines 

lowered the sintering temperature to about the same level. 

4.4. Preliminary Sintering Results 

Previous sintering studies of both SB and 9B calcines have been performed 

by hot isostatic pressing (HIPing) [64]. In the current investigation, mixtures of 

particle calcines and fine calcines with frit were used to form the glass-ceramics. 

The free-energy change that gives rise to densification is the decrease in surface 

area and lowering of the surface free energy by the elimination of solid-vapor 
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interfaces. The use of fine-particle materials in sintering contributes significantly 

to the decrease of free energy [41]. The use of particle calcines with fine 

calcines in HIPing suggested that we perform a preliminary sintering study to 

observe whether the use of particle calcines in plasma sintering would improve the 

densification. 

The sinterability of particle calcines mixed with fine calcines was observed 

using 5B calcines in plasma sintering. Three different admixtures of particle and 

fine calcines were arbitrarily made to observe the sinterability and to determine 

the maximum obtainable densities. The SB particle calcines were ground and 

screened to minus 200 mesh. The screened fine calcines were then mixed with 

particle calcines. Figure 14 (a), (b), and (c) show micrographs of the SB particle 

calcines and frit 127 as received and SB fine calcines ground and screened to 

minus 200 mesh, respectively. 

The three different calcines were (1) 100 per cent SB fine calcines, (2) 80 

weight per cent of SB fine calcines mixed with 20 weight per cent of SB particle 

calcines, and (3) 20 weight per cent of SB fine calcines mixed with 80 weight per 

cent of 5B particle calcines. These 5B calcines were mixed with 30 weight per 

cent frit and SO weight per cent frit. These admixture calcines, which were not 

mixed with binders, were cold pressed at 7S.8 MPa (11,000 psi). Pressed 

specimens were 1.8 cm long and had a diameter of 0.62S cm. After measuring the 

green densities, the specimens were sintered in plasma for ten minutes. The 

required sintering temperatures of these specimens were different from one another 

because of their different ratios of both frit to calcines and particle calcines to 

fine calcines. 



a) b) 

c) 

Figure 14. SEM Micrographs of a) Zirconia Based SB Calcines, b) Frit 127 As 

Received, and c) Zirconia Based SB Ground and Screened Under -200 Mesh. 



The more frit and fine SB calcines used, the lower the required sintering 

temperature. The sintering temperature change was drawn in Figure 13 as a 

function of the amount of frit. The main driving force for sintering is the decrease 

of the surface free energy. The fine calcines provide more surface area than the 

particle calcines did and thus required lower temperature to sinter the particle 

calcines with less surface area. The sintering temperatures ranged from 850°C to 

1,400°C. 

Figure 15 shows the change of green densities of 5B calcines with an increase 

of 5B waste content. The green densities varied according to the composition and 

the ratio of particle to fine calcines. It is interesting in that the highest green 

density was obtained with 20 wt% 5B fine calcines mixed with 30 wt% frit. This 

high green density can be attributed to high packing ratio between particle and 

fine calcines, and frit. 

Figure 16 shows the sintered densities changing waste contents and ratios of 

particle to fine calcines. Table S, 6, and 7 show the sintering conditions and 

sintered densities of SB calcines as a function of the amount of added frit. As 

shown in Figure 16, among the sintered densities of three different calcines, the 

sintered densities of specimen using 5B fine calcines were higher than achieved 

ones for any mixture with particle calcines. This can also be explained by the 

largest decrease of surface free energy, i.e. the biggest driving force in sintering 

of fine calcines. The increase of the ratio of particle calcines to fine calcines 

decreased the sintered densities of specimens. 



The use of calcines mixed with particle calcines higher than 50 weight per 

cent resulted in the drastic decrease of sintered densities. In addition to it, these 

calcines mixed with frit could not densify in plasma. The reason why the 5B fine 

calcine mixed with 80 weight per cent of particle calcines were sinterable only at 

the composition of pure calcines could be explained in terms of particle size and 

sintering temperatures of frit and calcines. The particle calcines needed more 

energy than fine calcines for sintering because of their smaller surface area. 

Because of smaller surface area of particle calcines, the sintering of SBP calcines 

mixed with 80 weight per cent particle calcines, was performed at a sintering 

temperature higher than 1,400°C. The addition of frit into 80 weight percent 

particle calcines made the specimens difficult to sinter. While the sintering 

temperature of frit was less than 600°C, the sintering temperature of particle 

calcines was higher than 1,400°C. A temperature lower than 1,100°C, made the frit 

melted between particle calcines, but did not cause the particle calcines to be 

sintered. A temperature higher than 1,100°C caused cracks or bubbling by the 

release of volatile substances from the specimen without sintering of the particle 

calcines. So, the sintering of calcines mixed with 80 weight per cent particle 

calcines was only possible in SBP calcines, as shown in Figure 16. The preliminary 

sintering study indicated that the use of fine calcines in plasma sintering gave 

denser sintered products than any other calcines mixed with particle calcines. 

It was also noteworthy that the change of densities showed the different 

pattern in both sintered and green sample. The poor densification of calcines mixed 

with frit compare to the pure calcines was attributed to some roles of frit during 

sintering. This will be discussed further in the next section. In green densities, 



67 

-O Green densities usiog SB fine calcines 
"O Green densities using 80 wl% of 5B fine calcines 

and 20 wt% of SB particle calcines 
-• Green densities using 20 wl% of SB fine calcines 

and SO wt% of SB particle calcines 

CO 

§ ̂  
O) 

to 
c 
CD 
D 

3 . 0  

2 . 0  

I  . 0  

60 80 100 

5B Calcines Content in wt% 

Figure 15. Green Densities of 5B Calcines as a Function of Waste Content at 

Various Ratios of Particle/Fine Calcines. 



68 

0 o Sintered densities using SB fine calcines 
0 o Sintered densities using 80 wl% of SB fine calcines 

and 20 wl% of SB particle calcines 
9 • Sintered densities using 20 wl% of SB fine calcines 

and 80 wt% of SB particle calcines 

4 . 0  

I ' I I I I 

60 80 100 
> 

5B Calcines Content in wt% 

Figure 16. Sintered Densities of 5B Calcines As a Function of Waste Content at 

Various Ratios of Particle/Fine Calcines. 



Table 5 
Plasma Sintering Data of 5B Fine Calcines 

5BP 5BF30 5BF50 

N2 Pre. 33 10 10 
(Torr) 
For.Pow. 0.6 0.2 0.1 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.02 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
t- en-Temp., C 

1300 900 850 

Sintering 10 10 10 
Time (min) 
Translation Static but. rotation of sample with 22 RPM. 
Die Pressing 11000 11000 11000 
(psi) 
Green Density 1.83 1.81 1.71 
(g/cm3) 
Final density 3.12 1.91 1.97 
(g/cm3) 

Table 6 
Plasma Sintering Data of 80 wt% 5B Fine Calcines Mixed with 20 wt% Particle 

Calcines 

5BP 5BF30 5BF50 

N2 Pre. 33 10 10 
(Torr) 
For.Pow. 0.6 0.15 0.1 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.02 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp.,°C 

1300 900 850 

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 11000 11000 11000 
(psi) 
Green Density 1.86 1.73 1.68 
(g/cm3) 
Final density 3.02 1.77 2.02 
(g/cm3) 



Table 7 
Plasma Sintering Data of 20 wt% SB Fine Calcines Mixed with 80 wt% Particle 

Calcines 

5BP 5BF30 5BF50 

N2 Pre. 40 - -

(Torr) 
For.Pow. 0.8 - -

(Kwatt) 
Ref.Pow. 0.02 - -

(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp.,°C 

1400 — -

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 11000 11000 11000 
(psi) 
Green Density 1.73 1.79 1.74 
(g/cm3) 
Final density 2.54 - -

(g/cms) 



5BF30 showed the higher densities than SBF50. But the sintered density of SBFSO 

was higher than that of 5BF30. In mixtures of SB fine calcines with frit, the 

sintered densities of 5BF30 and 5BF50 were 1.91 and 1.97 g/cm\ respectively. They 

were almost the same. But the SB fine calcines mixed with 20 weight per cent 

particle calcines yielded the different results. The sintered density of 5BF30, 1.77 

g/cms, was lower than that of 5BF50, 2.02 g/cm3, at this fine/particle ratio. The 

SB fine calcines mixed with 80 weight per cent of particle calcines were sinterable 

only at the composition of pure calcines. 

4.5. Thermogravimetric Analysis. 

The evolution of volatile substances from specimens during sintering is 

suspected of creating the pores which were often found in the final sintered 

product. The volatile substances made thermogravimetric analysis necessary in 

order to observe their effects on the sintering process. Figure 17 shows the 

thermogravimetric analyses of frit, zirconia-based 5B and alumina-based 9B calcines. 

As expected from the preliminary sintering study, zirconia based 5B and 

alumina based 9B calcines showed weight losses with increasing temperature 

indicating the presence of volatile substances in the calcines. The 

thermogravimetric analyses of both calcines were performed at a range of 

temperatures up to that which is expected to cause sintering. These were 1,300°C 

and 1,600°C for 5B and 9B calcines, respectively. The weight loss of frit was 

determined by TGA at temperature up to 1,200°C. 



As shown in Figure 16, the frit lost less than 0.5 per cent of its original 

weight, which zirconia-based 5B calcines lost around 8 per cent of their initial 

weight at temperatures up to 1,300°C. Alumina-based 9B calcines showed a weight 

loss of 5.5 per cent at sintering temperature up to 1,600°C. The greater volatility 

of 5B calcines compare to 9B is attributed to the different compositions. As shown 

in Table 3, SB calcines contained larger fraction of fission products like Cs and 

non-fission products like B, Na, and K than 9B calcines. Gary [65] reported that 

the volatility of nuclear wastes is significant at temperatures above 800°C. The 

fission product Cs and non-fission products elements B, Na and K were also 

observed as volatile elements in the range of 800 to 1,300°C. Because of the larger 

amount of fission and non-fission volatiles in SB, this calcine showed more weight 

loss than 9B. 
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Figure 17. Thermogravimetric Analysis of Frit, 5B Calcines and 9B Calcines. 



4.6. Sintering of Nuclear Waste Calcines As a Function of Waste Content. 

4.6.1. Sintering of Zirconia Based SB Calcines. 

The densities of zirconia based SB calcines sintered at different frit contents 

and procedures are plotted in Figure 18 with their green densities. Table 8. 9, and 

10 show the sintering conditions and sintered densities obtained. As shown in 

Figure 13, the different waste composition with frit required a different sintering 

temperature. The sintering temperature of 5BP was around 1,300°C while the 

sintering temperatures of 5BF20 and 5BF50 were around 1,000°C and 900°C, 

respectively. 

The preliminary sintering study showed the effects of volatile substances on 

specimens during sintering. The poor density due to the big pores in specimens was 

produced by the volatile substances in calcines. Three different procedures were 

employed to observe the effects of volatile substances on sintered densities. 

One-Step Sintering 

First, 5B calcines were sintered for 10 minutes at 900°C, 1,000°C and 1,300°C 

for 5BF50, 5BF20, and 5BP, respectively. The densities ranging from 3.08 to 1.95 

g/cm3 were obtained in SB pure calcines and 5B calcines mixed with frit. 

Compared to the high density of 100 per cent SB calcines, the poor density of 

SBF20 and SBFSO was attributed to the reaction of frit with volatile elements in 

the calcines. Because frit has a lower melting temperature than SB calcines, the 

release of volatile substances in SB calcines retarded by the melted frit. At a 
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Figure 18. Final Sintered Densities of 5B Calcines As a Function of Waste Content 

at Various Sintering Procedures. 



Table 8 
Plasma Sintering Data of SB Fine Calcines At 1-Step Sintering 

5BP 5BF20 5BF50 

N2 Pre. 33 8 8 
(Torr) 
For.Pow. 0.6 0.3 0.15 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.02 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp.,°C 

1300 1000 900 

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 10000 10000 10000 
(psi) 
Green Density 1.85 1.67 1.67 
(g/cm3) 
Final density 3.08 1.95 1.95 
(g/cm3) 

Table 5 
Plasma Sintering Data of 5B Fine Calcines At 2-Step Sintering 

5BP 5BF20 5BF50 

N2 Pre. 8-33 8-8 8-8 
(Torr) 
For.Pow. 0.2-0.6 0.1-0.3 0.1-0.15 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.01 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp., C 

900-1300 700-1000 700-900 

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 10000 10000 10000 
(psi) 
Green Density 1.85 1.67 1.67 
(g/cms) 
Final density 3.15 2.09 2.00 
(g/cm3) 



Table 10 
Plasma Sintering Data of 5B Fine Calcines After Precalcination 

5BP 5BF20 5BF50 

N2 Pre. 33 8 10 
(Torr) 
For.Pow. 0.6 0.3 0.15 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.01 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp., C 

1300 1000 900 

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 10000 10000 10000 
(psi) 
Green Density 1.85 1.67 1.67 
(g/cm3) 
Final density 3.23 2.50 2.58 
(g/cm3) 



sintering temperature higher than the melting temperature of the frit, 600°C. the 

volatile substances were trapped in molten frit. This encapsulated volatile vapors 

and resulted in the big pores inside the sintered specimen. Temperature higher than 

the sintering temperature provided enough energy for volatile vapors to go 

through the melted frit. This movement of volatile substances caused bubbles and 

cracks in the sintered specimens, decreasing the final sintered densities further. 

Figure 19 (a), (b), and (c) show the micrographs of cross-sections of sintered 

5BP, 5BF20 and 5BF50 specimens, respectively. A relative increase in the size 

of pores can be observed in these SEM micrographs, corresponding to an increase 

in the amount of frit in 5B calcines. Figure 20 shows the inside and outside 

appearance of specimens of SBFSO and 9BF30 sintered at temperatures higher than 

required sintering temperatures. The use of temperatures higher than the sintering 

temperature caused this bubble shape and the big pores in the specimens. 

Two-Step Sintering 

In addition to the one-step sintering discussed above two other different 

sintering procedures were attempted in order to observe the effects of volatile 

substances on the sintered densities. In the second sintering procedure, specimens 

were sintered for 5 minutes at the same sintering temperature as one-step 

sintering, after holding the specimens in plasma for 5 minutes at a temperature 

lower than sintering temperature. The holding temperatures for SBP, SBF20 and 

5BF50 were around 900°C, 700°C, and 700°C, respectively. The reason for choosing 

these holding temperatures was related to the TGA results and the sintering 

temperatures associated with the admixtures. The loss of 5 weight per cent 5B 



a) b) 

c) 

Figure 19. SEM Micrographs of Cross-sections of One-Step Sintered a) 5BP, b) 

5BF20. and c) SBFSO Specimens. 



a) b) 

Figure 20. (a) Outside Appearance of 5BF50 and (b) Inside Appearance of Cross-

section of 9BF30 Sintered Higher Than The Sintering Temperature. 



calcines was observed below 900°C from TGA result in Figure 17. This weight loss 

lead us to choose 900°C as a holding temperature in the two-step sintering of 

5BP calcines. Also, the 700°C temperature was the lowest value which could be 

measured with the optical pyrometer. For 5BF20 and SBF50, because their sintering 

temperatures were 1000°C and 900°C, respectively, a temperature of 700°C was 

chosen for the holding temperature of both specimens. 

The final sintered densities of two-step sintering are also shown in Figure 18. 

A small increase in densities compared to those achieved in the one-step sintering 

process resulted. This indicated that the holding of specimens at a temperature 

lower than sintering temperature removed some of the volatiles and resulted in 

less porosity in sintered specimens. But it did not affect the final sintering 

densities very much. The specimens were held at 1,000°C and 1,100°C for five 

minutes instead of the holding temperature of 900°C for 5BP in two-step 

sintering. The specimens of 5BF20 were also held at 900°C for five minutes rather 

than 700°C in two-step sintering. But the changes of holding temperature did not 

lead to any differences in sintered densities. This was attributed to the short 

holding time, 5 minutes, for removing volatile elements. The SEM micrographs for 

two-step sintering were similar to those for one-step sintering shown in Figure 

19. 

Precalcination 

The third sintering procedure employed was sintering after precalcining the 

5BP fine calcines at 1,100°C for 12 hrs using a box furnace. This procedure was 

performed to observe the effects of volatile elements on density at longer holding 

time. Precalcination of SB calcines caused agglomeration such that regrinding of 
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Figure 21. SEM Micrographs of Cross-Sections of Precalcined at 1,100°C for 12 hrs. 

and Sintered a) 5BP. b) 5BF20, and c) 5BF50 Specimens. 



precalcined material was necessary prior to the sintering step. These calcines were 

then mixed with frit and sintered at the same temperature as in one-step 

sintering for ten minutes. 

The precalcination of 5B calcines at 1,100°C prior to sintering removed much 

of the volatile substances, and reduced the effects of them in plasma sintering. A 

sintered density of 3.23 g/cm3 was obtained in 5BP specimen. Compared with the 

density of two-step sintered SBP, it had a little higher value. The densities of 

5BF20 and 5BF50 were 2.50 and 2.58 g/cm3 after precalcination procedure. These 

were much higher densities than those resulting from the one- and two-step 

procedure. Figure 21 (a), (b), and (c) shows the micrographs of precalcined and 

sintered specimens. Compared to SEM micrographs of one-step and two-step 

sintering, SEM micrographs of precalcined and sintered 5B calcines showed denser 

cross-section and smoother edges of pores. Figure 21 (a) shows the SEM 

micrograph of the cross-section of precalcined and sintered SBP. It has a much 

denser cross section than one-step sintered 5BP. The areas other than the pores 

in Figure 21 (b) show a much more homogeneous and dense configuration 

compared to those in Figure 19 (b), which is the micrograph of one-step sintered 

5BF20. 

In Figure 18, the densities of 5BP changed from 3.08 to 3.23 g/cms after 

the change in the sintering procedures. The greater removal of volatiles in the 

specimens generally resulted in higher densities of 5BP specimens. At waste 

loadings of 80 wt% and 50 wt%, their densities were around 2.0 g/cms. But 

densities of 2.50 to 2.59 g/cms were obtained with the precalcined sintering 

procedure at these waste loadings. The addition of frit in calcines generally 



decreased the sintered densities because melted frit hindered the volatile 

substances from coming out of specimens at the sintering temperature. One 

interesting result was the almost identical densities of 5BF20 and 5BFS0 in each 

sintering procedure. The addition of frit in 5B calcines resulted in a lower density 

than in the SBP specimen. The increase in the amount of frit in SBP calcines was 

expected to cause a further decrease of sintered densities of specimens. But 

different results were observed from the sintering of 5BF20 and SBFSO. 

The change of pore sizes and densities in both 5BF20 and SBFSO can be 

explained in terms of the viscosity of frit and volatility level in the calcines. The 

viscosity of frit has a strong effect on volatility [65]. The viscosity is also a 

function of temperature and the amount of frit in a specimen. In glass, the 

viscosity decreases with the increase of temperature. The difference of sintering 

temperature was around 100°C in both 5BF20 and 5BF50. This difference does not 

change the viscosity between them because their sintering temperatures are much 

higher than the melting temperature of frit. Above melting temperature, the 

viscosity of glass is almost constant. In admixtures with frit, the viscosity is 

related to the amount of frit in an admixture. The higher content of frit, the 

lower viscosity. The amount of frit in SBFSO was much higher than that of SBF20. 

A higher content of frit in 5BF50 made the viscosity of this specimen lower. In 

both parameters determining the viscosity of specimen, a little difference in 

sintering temperatures did not make any big difference between 5BF20 and SBF50. 

But the amount of frit in specimen had an effect on the change of viscosity. A 

low viscosity in SBFSO made the volatile gases localized rather than dispersed in 

the specimen at the sintering temperature. 



The low viscosity of SBFSO caused the big pores in the sintered specimen as 

shown in Figure 19 (c). The high viscosity of 5BF20 made the volatile gas harder 

to move and caused many smaller pores than ones in SBFSO specimens. Although 

bigger pores in SBFSO than in SBF20 were observed, the identical densities between 

them were attributed to the volatility being higher than five weight per cent in 

both specimens. 

4.6.2. Sintering of Alumina Based 9B Calcines 

The densities of alumina based 9B calcines sintered at different frit content 

are plotted in Figure 22. Table 11 and 12 also show their sintering conditions and 

densities obtained. The pure 9B calcines were sintered at around 1,600°C, while 

9BF30 and 9BF50 were sintered at around 1,100°C and 950°C, respectively. 

Considering the sintering temperatures of SBP, SBF20 and SBFSO, the sintering 

temperatures of 9B calcines were higher than ones of SB calcines. The higher 

sintering temperature of 9B calcines is due to a larger alumina content. The main 

element in SB calcines is Ca at 22.S6 weight per cent. Ca can form oxides and 

fluorides. The X-ray diffraction study, which will be discussed in the next section, 

revealed the compound with Ca as calcium fluoride rather than calcium oxide. The 

melting temperatures of calcium fluoride is 1,423°C. 

The main element, however, of 9B calcines is A1 at 3S.32 weight per cent. 

This aluminum was revealed to alumina through X-ray diffraction analysis rather 

than other compounds. The melting temperature of alumina is 2,072°C. The green 

densities of 9B calcines were different from those of the SB calcines. As the 



amount of frit in 9B calcines increased, the green densities also increased, as 

shown in Figure 22. 

One-step and two-step sintering were performed in sintering of alumina based 

9B calcines as for SB calcines. Densities ranging from 1.95 to 3.21 g/cms were 

obtained at the waste loadings of 100 wt% to SO wt% in the one-step sintering. In 

two-step sintering, specimens were held for five minutes at around 700, 900 and 

1,100°C for 9BF50, 9BF30, and 9BP, respectively. Then, they were sintered for five 

minutes at the same sintering temperature as in the one-step sintering procedure. 

The change of sintering procedure from one-step sintering to two-step 

sintering did not affect the sintered densities much. This was attributed to the 

lower volatility of 9B calcines compare to that of 5B calcines. The volatility of 9B 

calcines was around 5.5 weight per cent at temperatures up to 1,600°C. The 

volatility of SB calcines, however, was 8.5 wt% at the temperature up to 1,300°C. 

The sintered densities were almost the same after in both one step and two step 

sintering procedure. This is shown in Figure 22. 

Figure 23 (a), (b), and (c) shows the SEM micrographs of cross-sections for 

one-step sintered 9BP, 9BF30, and 9BF50, respectively. The micrographs of two-step 

sintered 9B calcines were similar to ones of the one-step sintered 9B samples. 

These micrographs showed bigger pores with increase of the amount of frit. The 

increase in amount of frit in a specimen results in a decrease in its viscosity. The 

lower viscosity of the frit allowed the volatile substances to move more easily in a 

specimen during sintering. It also made the volatile gases localized producing big 

pores in a specimen. Compared with the change of densities in 5B calcines, the 
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Figure 22. Sintered Densities of Alumina Based 9B Calcines As a Function of Frit 

Content. 



Table 11 
Plasma Sintered Data of 9B Fine Calcines At 1-Step Sintering 

9BP 9BF30 9BF50 

N2 Pre. 120 33 15 
(Torr) 
For.Pow. 0.6 0.3 0.2 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.02 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp., C 

1300 1100 950 

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 10000 10000 10000 
(psi) 
Green Density 1.57 1.65 1.67 
(g/cm3) 
Final density 3.21 2.06 1.95 
(g/cm3) 

Table 12 
Plasma Sintered Data of 9B Fine Calcines At 2-Step Sintering 

9BP 9BF30 9BF50 

N2 Pre. 33-120 15-33 15-15 
(Torr) 
For.Pow. 0.3-0.6 0.2-0.3 0.1-0.2 
(Kwatt) 
Ref.Pow. 0.02 0.02 0.02 
(Kwatt) 
Tube Dia. 22 22 22 
(mm) 
Sintering 
Temp., C 

1100-1600 900-1100 700-950 

Sintering 10 10 10 
Time (min) 
Translation Static but, rotation of sample with 22 RPM. 
Die Pressing 10000 10000 10000 
(psi) 
Green Density 1.57 1.65 1.67 
(g/cm3) 
Final density 3.24 2.07 1.95 
(g/cm3) 



a) b) 

c) 

Figure 23. SEM Micrographs of Cross-Sections of Sintered a) 9BP. b) 9BF30, and c) 

9BFS0 Specimens. 



densities obtained in 9B calcines were decreased with increase of the amounts of 

frit. In 5B calcines, the densities of 5BF20 and 5BF50 were similar. The different 

changes of densities in SB and 9B calcines were due to their volatilities during 

sintering. 

4.7. Phases Formed in Plasma Sintering. 

Not only dense sintered products but also stable host phases to immobilize the 

nuclear waste elements are an important issue in nuclear waste fixation in ceramic 

forms. The glass-ceramic in immobilizing the nuclear waste has been selected as 

the best compromise between desirable properties of crystalline materials and the 

accommodating nature of glass [51]. The X-ray diffraction analysis was used to 

identify the phases formed in plasma sintering of both 5B and 9B calcines. 

Phases Formed in_ Sintering of 5B Calcines 

Figure 24 shows the changes of piiases caused by changing the waste loading 

of 5B. Figure 24.(a) shows the diffraction pattern of 5BP green samples before 

sintering. Calcium fluoride (CaFJ and zirconia (ZrOJ were the main phases 

present. The diffraction pattern of frit 127 was like that of an amorphous material, 

which does not show any peaks. The diffraction patterns of the green 5BF20 and 

5BF50 samples were the same as the pattern of 5BP. 

Figure 24 (a) shows the phases formed in plasma sintering of 5BP at 1,300°C 

for ten minutes. New phases like calcium stabilized zirconia (CaZrOj) and 

aluminum calcium oxide (2Al2Os*CaO) were formed in the sintered 5BP specimen. 

The major crystalline phases observed in sintered 5BF20 and 5BF50 were zircon 



(ZrSi04). zirconia (ZrOJ. calcium fluoride (CaFJ and an amorphous phase. Their 

X-ray diffraction patterns are shown in Figure 24 (c) and (d). The green samples 

of 5BF20 and 5BF50 showed the same X-ray diffraction pattern as 5BP shown in 

Figure 24 (a). Compared Figure 24 (a) with (c) and (d), only difference was the 

appearance of peaks of zircon with relatively small intensity in (c) and (d). This 

means the small fraction of frit was involved in the formation of zircon in 

sintering of 5BF20 and 5BFS0. Also, as shown in Figure 25 (a) and (c), sintered 

9BF30 showed no different X-ray diffraction peaks from green sample. This 

indicated the frit formed an amorphous phase in its matrix. Thus, it can be said 

frit in specimens exists in an amorphous phase. 

Calcium fluoride is known to immobilize Sr in it. Zirconia and calcium 

stabilized zircon were expected to host actinides and multivalent fission products 

including Sr and rare earth elements. Zircon was also known to host the actinide 

elements in it [58]. It was recognized that amorphous phase would preferentially 

incorporate Na,Cs, Sr, K, and B etc. [56]. Table 13 showed the crystalline phases 

formed in both 5B and 9B calcines and their expected immobilized radionuclides. 

Phases Formed in Sintering of 9B Calcines 

Figure 25 shows the X-ray diffraction patterns of 9B calcines as a function of 

waste loading. The green sample of 9BP had the phases of alumina, zirconia, and 

calcium fluoride in it as shown in Figure 25 (a). The sintering of 9BP was resulted 

in the formation of the crystalline phases of calcium-stabilized zirconia and 

aluminum calcium oxide (6A12(V CaO). The formation of aluminum calcium oxide 

(6A1203' CaO) in sintered 9BP was due to the high sintering temperature because 

its melting temperature is over 1,800°C. 
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The change of waste loading caused the different phase formation in glass-

ceramic form. The presence of frit caused the formation of an amorphous phase in 

both sintered 9BF30 and 9BFS0 specimens. As shown in Figure 25 (c), the change 

of waste loading to 70 wt% did not form any other new phases than beyond those 

that existed in the green specimen. At a waste loading of 50 wt%, all alumina was 

converted to nepheline (Na3KAl4Si406) as shown in Figure 25 (d). Nepheline was 

known to immobilize the monovalent fission products including Cs in it [58]. 

Table 13 shows the summary of phases formed in plasma sintering of calcines and 

their expected immobilized radionuclides. 



93 

1. CaF2 

2. Zr02 

3. CaZr03 

4. 2Al203 Ca0 
5. ZrSi04 
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Figure 24. X-Ray Diffraction Peaks of a) 5BP Green Sample, b) 5BP Sintered at 

1,300°C, c) 5BF20 Sintered at 1,000°C and d) 5BF50 Sintered at 900°C for 10 min.. 
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Figure 25. X-Ray Diffraction Peaks of a) 9BP Green Sample, b) 9BP Sintered at 

1,600°C, c) 9BF30 Sintered at 1.100°C and d) 9BF50 Sintered at 950°C for 10 min.. 
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Table 13 

Phases Formed In Plasma Sintering of Calcines and Their Expected Immobilized 
Radionuclides 

Calcines Waste Content 

5B 100 wt% 

Phases Immobilized Radionuclides Ref. 

CaF2 

Zr02 

CaZr03 

2Al,Os'CaO 

Sr 58 
Actinides and multivalent 58 
fission products including 
Sr and rare earth elements 

5B 80 wt% to 
50 wt% 

CaF2 

Zr02 

ZrSi04 

Amorphous 

Sr 
Actinides and multivalent 
fission products including 
Sr and rare earth elements 
Actinides 
Fission products including 58 
Cs and Cr 

9B 100 wt% 

9B 70 wt% 

AljOj 
CaF2 

Zr02 

CaZr03 

6A1203' CaO 

A1203 

CaF2 

Zr02 

Amorphous 

Sr 
Actinides and multivalent 
fission products including 
Cs and Cr 

Sr 
Actinides and multivalent 
fission products including 
Sr and rare earth elements 
Fission products including 
Cs and Cr 

9B 50 wt% CaF2 

ZrOj 

Na3KAl4Si406 

Amorphous 

Sr 
Actinides and multivalent 
fission products including 
Sr and rare earth elements 
Monovalent fission products 
including Cs 
Fission products including 
Cs and Cr 

58 
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CHAPTER 5 

CONCLUSIONS 

A microwave induced plasma was used to sinter synthetic Idaho Chemical 

Processing Plant (ICPP) alumina and zirconia-based high level nuclear calcines in a 

nitrogen atmosphere. This was the first application of thermal plasma in sintering 

of multiphase materials. The sintering behavior of these nuclear waste calcines 

was observed with identification of the phases formed. The following conclusions 

concerning microwave induced plasma sintering of high level nuclear waste calcines 

were drawn as a result of this research. 

1. The use of particle calcines in plasma sintering caused higher sintering 

temperature and lower final densities than use of fine ground calcines. 

2. Thermogravimetric analysis showed weight losses of 8 and 5.5 per cent in both 

zirconia and alumina-based synthetic nuclear waste calcines, respectively. The 

volatility of both calcines affected the sintered densities. The sintering of pure 

calcine specimens resulted in fairly high densities, but the addition of frit in 

calcines caused a big drop in the sintered densities. This was attributed to the 

reaction of volatile elements with the frit. Melted frit encapsulated the volatile 

elements and caused the pores in specimens during sintering. 

3. Prior removal of volatile elements before sintering increased the final densities 

of sintered nuclear waste calcines. Two step sintering and precalcination of 



calcines before sintering showed the increase of sintered densities compare to 

one step sintering. 

4. The phases present in green SBP calcines were calcium fluoride (CaFJ and 

zirconia (ZrOJ. The sintering of SBP resulted in the formation of calcium 

stabilized zirconia (CaZr03) and aluminum calcium oxide (2A1203 CaO). Those 

phases were present with calcium fluoride and zirconia. The major crystalline 

phases observed in sintered 5BF20 and 5BF50 were zircon (ZrSi04), zirconia 

(ZrC>2). calcium fluoride (CaFJ and an amorphous phase. 

5. The major crystalline phases of alumina, zirconia and calcium fluoride were 

found in 9BP green specimens. Calcium stabilized zirconia and aluminum calcium 

oxide (6A1203 CaO) were found in the sintering of 9BP with three major phases. 

The presence of frit in 9B calcines caused the formation of an amorphous phase 

and nepheline (NajKA^Si^e) with three major crystalline phases in the sintered 

specimens. 
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Figure 8. Photograph of Microwave-Induced Plasma Sintering Apparatus. 
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Figure 10. Photograph of Translation Apparatus. 
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c) 

Figure 14. SEM Micrographs of a) Zirconia Based 5B Calcines, b) Frit 127 As 

Received, and c) Zirconia Based 5B Ground and Screened Under -200 Mesh. 



a) b) 

c) 

Figure 19. SEM Micrographs of Cross-sections of One-Step Sintered a) 5BP, b) 

5BF20, and c) 5BF50 Specimens. 



a) b) 

Figure 20. (a) Outside Appearance of 5BF50 and (b) Inside Appearance of Cross-

section of 9BF30 Sintered Higher Than Hie Sintering Temperature. 



c) 

Figure 21. SEM Micrographs of Cross-Sections of Precalcined at U00°C for 12 hrs. 

and Sintered a) 5BP, b) 5BF20. and c) 5BF50 Specimens. 



c) 

Figure 23. SEM Micrographs of Cross-Sections of Sintered a) 9BP, b) 9BF30, and c) 

9BF50 Specimens. 


