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ABSTRACT

INVESTIGATION OF FIRST-STAGE SINTERING KINETICS OF UO,
ThO2 AND (Th,U)O2 PELLETS MANUFACTURED BY INTERNAL
GELATION TECHNIQUE OF SOL-GEL PROCESS

SOKUCU (ALTUNBAYRAK), Ayse Sibel

Ph.D. Thesis, Engineering Physics, University of Gaziantep
Supervisor: Prof. Dr. Metin BEDIR
Co-Supervisor: Assoc. Prof. Dr. M.Timu¢in AYBERS
December 2015

100 pages

The sol-gel process which is among the methods used for the production of UO.,
ThO; and ThO>-UO; mixed oxide fuel pellets allows a high degree of micro-
homogeneity of uranium and thorium in the solution stage. The first aim of this study
was to develop an alternative method to produce uranium, thorium and mixed
thorium-uranium dioxide fuel pellets by using internal gelation technique of sol-gel
process. The second aim was to investigate shrinkage behavior and first-stage
sintering kinetics of pellets compacted in the Ar-%5 H; atmosphere using
dilatometer. Shrinkage curves of the UO,, ThO2, ThO2-10%UQO> and ThO»-5%UO,
pellets obtained from the dilatometer were used to determine the sintering

mechanism, the diffusion coefficients and the activation energy.

Key Words: Sol-gel, internal gelation, first-stage sintering, shrinkage, uranium,

thorium, mixed oxide pellet.



OZET

SOL-GEL PROSESININ iC JELLESME TEKNIGIi iLE URETILEN UO:,
ThO:2 VE (Th,U)O: PELETLERININ BiRiNCi SAFHA SINTERLEME
KINETIiGININ INCELENMESI

SOKUCU (ALTUNBAYRAK), Ayse Sibel

Doktora Tezi, Fizik Miihendisligi Boliimii
Tez Yéneticisi: Prof. Dr. Metin BEDIR
Yardimc1 Yonetici: Dog. Dr. M. Timugin AYBERS
Aralik 2015

100 sayfa

UOz, ThO2 ve ThO2-UO> karisik oksit peletlerinin iiretimi i¢in kullanilan yontemler
icerisinde sol-jel yontemi, uranium ve toryumu ¢ozelti formunda kullanarak ytiksek
seviyede bir mikro-homojenlik saglar. Bu ¢alismanin ilk amaci; sol-jel prosesinin i¢
jellesme teknigini kullanarak uranyum, toryum ve karigik toryum-uranyum oksit
yakit peletleri iiretminde alternatif bir pelet iiretim ydntemi gelistirmektir. Ikinci
amag ise dilatometrede Ar-%5 H> atmosferinde peletlerin biiziilme davranist ve
birinci safha sinterleme kinetiklerinin incelenmesidir. Dilatometreden elde edilmis
olan UO2, ThO;, ThO2-10%UO2 and ThO:-5%UO; peletlerinin biiziilme egrileri
kullanilarak sinterleme mekanizmasi, difiizyon kasayilari ve aktivasyon enerjileri

hesaplanmustir.

Anahtar Kelimeler: Sol-jel, i¢ jellesme, birinci satha sinterleme, biiziilme,

uranyum, toryum, karigik oksit pelet.
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CHAPTER 1
INTRODUCTION

The demand for energy is increasing in the world. Energy growth is directly linked to
well-being and prosperity across the globe. Meeting the growing demand for energy
in a safe and environmentally responsible manner is a key challenge for all
economies. There are seven billion people on earth who use energy each day to make
their lives richer, more productive, safer and healthier. It is perhaps the biggest driver
of energy demand: the human desire to sustain and improve the well-being of
ourselves, our families and our communities. Through 2040, population and
economic growth will drive demand higher, but the world will use energy more

efficiently and shift toward lower-carbon fuels.

Nuclear power is the most environmentally benign way of producing electricity on a
large scale. Renewable energy sources such as solar and wind are costly per unit of

output and are intermittent but can be helpful at the margin in providing clean power.

Fuel and operational costs for nuclear power are very low, making it more affordable
than gas, wind, and solar power. And because most of the cost of nuclear power is

derived from the construction of facilities, pricing is both stable and predictable.

Concern about clean air is a main reason that as of 31 December 2014, 70 reactors
were under construction around the world [1]. Nuclear energy is by far the largest
source of electricity that doesn’t emit any air pollution and the only one that can

produce large amounts of electricity around the clock.

There were 438 nuclear power reactors in operation worldwide, the total generating
capacity of nuclear energy was 376.2 gigawatts-electric (GW(e)) at the end of 2014

(Table 1.1) [2]. During the year, there were five new grid connections, one

permanently shut down and three construction starts on new reactors.



Nuclear reactors are classified as 1) the pressurized water reactor (PWR), ii) the
boiling water reactor (BWR), iii) the pressurized heavy water reactor (PHWR), iv)
the gas cooled reactor (GCR), v) the liquid metal or gas cooled fast breeder reactor
(LMFBR, GCFBR). This classification is based on the energy removal mechanism.
Of the commercial reactors in operation, approximately 81.5% are light water
moderated and cooled reactors; 11.2% are heavy water moderated and cooled
reactors; 3.4% are light water cooled, graphite moderated reactors; and 3.4% are gas

cooled reactors (GCRs). Two reactors are liquid metal cooled fast reactors.[1]

Turkey continues to develop its nuclear power programme infrastructure. In
December 2014, the Ministry of Environment and Urban Planning approved the
environmental impact assessment of the four proposed WWER-1200 units at
Akkuyu. The Turkish regulatory body enlisted in October 2014 a technical support
organization to assist with its review and assessment of the construction licence
application for Akkuyu, expected to be submitted in 2015. Following an
intergovernmental agreement signed with Japan in 2013, Turkey is also working on a
second NPP project at Sinop and has started, in cooperation with its partners, site

investigations and the preparation of a technical feasibility study.[1]

As of December 2015, 30 countries worldwide are operating 441 nuclear reactors for
electricity generation and 65 new nuclear plants are under construction in 15

countries. [3]

In addition to commercial nuclear power plants, there are about 240 research
reactors operating, in 56 countries, with more under construction. These have many
uses including research and the production of medical and industrial isotopes, as well

as for training.



Table 1.1 Power Reactors in Operation and Under Construction in the Worlds (as of 31 December 2014) [4]

) ) Reactors under Nuclear electricity TOtz,ll operating
Reactors in operation . L. experience through
COUNTRY construction supplied in 2014 2014
ljli.itosf I\I{)’\t:(l(le) ljli.itosf I\I{)Rt’?el:) TW(e).h | % of total | Years | Mounths

Argentina 3 1627 1 25 53 4.1 73 2
Armenia 1 375 2.3 30.7 40 8
Belarus 2 2218

Belgium 7 5927 32.1 47.5 268 7
Brazil 2 1 884 1 1 245 14.5 2.9 47 3
Bulgaria 2 1926 15.0 31.8 157 3
Canada 19 13 500 98.6 16.8 674 6
China 23 19 007 26 25756 123.8 2.4 181 7
Czech Republic 6 3904 29.6 35.8 140 10
Finland 4 2752 1 1 600 22.6 34.7 143 4
France 58 63 130 1 1 630 418.0 76.9 1990 4
Germany 9 12 074 91.8 15.8 808 1
Hungary 4 1 889 14.8 53.6 118 2
India 21 5308 6 3907 33.2 3.5 418 6
Iran 1 915 3.7 1.5 3 4
Italy 80 8
Japan 48 42 388 2 2 650 0 0 1694 4
Kazakhstan 25 10
Korea 23 20 717 5 6 370 149.2 30.4 450 1
Lithuania 43 6
Mexico 2 1330 9.3 5.6 45 11




Table 1.1 Power Reactors in Operation and Under Construction in the Worlds (as of 31 December 2014) [4] (cont.)

Reactors in operation

Reactors under

Nuclear electricity

Total operating
experience through

COUNTRY construction supplied in 2014 2014
ljl(l)l.i:)sf sz(‘i) ljl(l)l.i:)sf l\r/f&t:(‘;) TW(e).h | % of total | Years | Mounths

Netherlands 1 482 3.9 4.0 70 0
Pakistan 3 690 2 630 4.6 4.3 61 8
Romania 2 1300 10.8 18.5 25 11
Russian Federation 34 24 654 9 7371 169.1 18.6 1157 3
Slovakia 4 1814 2 880 14.4 56.8 152 7
Slovenia 1 688 6.1 37.3 33 3
South Africa 2 1 860 14.8 6.2 60 3
Spain 7 7121 54.9 20.4 308 1
Sweden 10 9470 62.3 41.5 422 6
Switzerland 5 3333 26.5 37.9 199 11
Ukraine 15 13 107 2 1 900 83.1 494 443 6
United Arab Emirates 3 4035

United Kingdom 16 9373 57.9 17.2 1543 7
United States of America 99 98 639 5 5633 798.6 19.5 4012 4
Total 438 376 216 70 68 450 2410.4 16 096 10

Source: Data are from the IAEA’s Power Reactor Information System (PRIS), available at http://www iaea org/pris
Note: The total figures include the following data from Taiwan, China:
- Six units, 5032 MW(e), in operation; two units, 2600 MW(e), under construction;
- 40.8 TW-h of nuclear electricity generation, representing 18.9% of the total electricity generated.
1 GW(e), or gigawatt (electric), equals one thousand million watts of electrical power.




Turkey has considered using its abundant thorium reserves (estimated at around
345,000 tonnes) as an alternative source of fuel. Turkish scientists have carried out
work on thorium fuel cycles and fusion technology. Indeed, a paper published in
2003 assessed the feasibility of using a solvent-extraction process to reprocess
thorium-based spent fuel, in anticipation of Turkey constructing a thorium-based
high-temperature reactor. [5] TAEK officials speak of promoting energy security by
relying on Turkey’s abundant sources of thorium. Nevertheless it seems unlikely that
this will be achievable in the short term, due to the intrinsic technical difficulties
posed by the thorium fuel cycle, and the lack of experience of the processes
involved, both in Turkey and internationally. The current technology in Turkey was
more suitable for the use of uranium, although the use of thorium would be

considered in the future. [6,7]

Turkey has extensive experience in certain nuclear areas, especially in research
related to the front-end of the fuel cycle. Turkey’s pilot nuclear-fuel-fabrication and
conversion plant, the Nuclear Fuel Facility Unit, was built as part of a project of the
Nuclear Facilities Department at Cekmece Nuclear Research and Training Centre
(CNAEM) in 1977. Since 1986 it has operated a small-scale pilot facility for uranium
purification, conversion to UO; and the production of fuel pellets. In the late 1980s
and early 1990s, the TAEA provided expert services to help improve the fuel-
fabrication process at CNAEM. It is now possible for CNAEM staff to produce high-
grade UOz pellets, which they claim are of sufficient purity to be used in nuclear-fuel
production. Under a technical cooperation project that started in 2007, the IAEA is
helping Turkey upgrade its in frastructure for fabrication, characterization, and

irradiation testing of uranium and thorium-based oxide fuels. [7,8]
1.1 Literature survey

Thorium fuels and thorium fuel cycle options have been widely investigated in the
past in Canada, Germany, India, the Russian Federate on, UK and the USA and
documented in several international conference proceedings and IAEA publications
[9-32]. In recent years, there has been renewed interest in thorium fuel cycle mainly
from the point of view of proliferation resistance and utilization of natural resources.

[33,35].



In manufacturing the mixed oxide fuels like (Pu,U)O: and (Th,U)O., the
homogeneous distribution of the constituent metals is an important point to be
studied, since it relates to the safety and reliability of the fuel [36-40]. The
requirement for high homogeneity of the distribution of the actinides in the fuel is
also essential for most of new generation (Gen IV) reactors. Traditionally, (Th,U)O:
pellets are made by powder metallurgy technique consisting of blending of ThO; and
UO> powders followed by milling, compaction and sintering in reducing atmosphere
at around 1700 °C [41,42]. The key step in the production of the above mixed oxide
fuels is the preparation of homogeneous oxide mixtures [40]. The presence of fissile
rich regions in a pellet affects the fuel performance since they act as hot spots

generating high temperatures and releasing more fission gases [43,44].

Generally, the large scale production of MOX fuel pellets is carried out by sintering
the green compacts in a reducing atmosphere at high temperatures around 1700 °C
[41,42]. However, when the fabrication of fuels containing highly radioactive
materials, such as 23U, americium, curium, long-lived fission products or
transmutation nuclides is considered, the production of dust and consequent radiation
exposure to personnel could restrict the use of the above usual process consisting of

co-milling, cold compaction and sintering.

Therefore, alternative fabrication routes that are more amenable for remotization and
automation procedures are being considered [45-48]. Some of the promising methods
other than powder pellet route are (a) sol—gel microsphere pelletization (b) vibro-sol

route and (c) impregnation technique [9].

Thorium fuel cycle contributes to produce long term nuclear energy with a small
amount of radiotoxic waste. The fuel not only reduces plutonium production but also
reduces the formation of highly radioactive isotopes [49-53]. Regarding to waste
management, the Th containing fuel creates more '?°I and 2**U due to higher amount
of 2*U in it. However, the U fuel forms more **Tc, 2*’Np and >**Pu and some heavier

actinides [27,54].

Sintering is an important process for the nuclear fuel; various reports on sintering of
UO; are available in the literature [55-62]. The sintering kinetics of UO: during
initial stages have been studied by several workers. Layand Carter [58] has found out

the sintering mechanism to be volume diffusion of uranium ion, whereas Bacmann



and Cizeron [60] and Woolfrey [59] have suggested that to be grain boundary
diffusion. The activation energies for initial stages of sintering, reported by different
workers varies in a wide range from 84 kJ/mol [62] to 420 kJ/mol [61]. Sintering
kinetics of (Th,U)O; has been also studied by several authors[63-67]. Three different
compositions of (Th,U)O: pellets fabricated by Coated Agglomerate Pelletization
(CAP) process were studied on sintering kinetics using master sintering curve
approach [66]. Recently, activation energy for sintering of ThO, was determined to
be 370+20 kJ/mol by Clavier et al [63]. Although initial stage sintering of ThO; and
UO: alone has been investigated in detail, but article on study of sintering kinetics of
mixed oxides (Th,U)O> are limited. The densification behavior of ThO, containing
2%U30gs pellet, prepared by powder metallurgy technique, was evaluated using a
temperature dilatometer at various atmospheres [68]. The densification behavior of
ThO>-2%UQO> and ThO»—4%UQO; pellets, fabricated by impregnation technique, was
evaluated using high temperature dilatometry in the atmospheres of Ar—8%H> and air
[69]. Recently, sintering kinetics and activation energy of ThO>—4%UO; pellet,
fabricated by CAP process, has been studied using vertical dilatometer at different
heating rate [70]. Further, apparent activation energy and diffusion coefficients at
initial-stage of (Tho2,U0s)O2 have been investigated under oxidizing and reducing
atmosphere to demonstrate that activation energy is lower in oxidizing atmosphere as
compared to reducing one [71]. Activation energies for the rest ThO> and the
compositions of 5%, 20% and 80% UO: are reported to be 283.8 kJ/mol, 315.7
kJ/mol and 294.7 kJ/mol in oxidizing atmosphere; and 263.3 kJ/mol, 478.8 kJ/mol
and 326 kJ/mol in reducing atmosphere [72]. On the other hand, no systematic trend
on the values of activation energy with increasing UO> content could be established

from that study.
1.2 Scope of This Research Work

Fuel pellets are usually fabricated by conventional powder metallurgy technique.
Large-scale production of these pellets are carried out by the process of cold
compaction followed by high temperature sintering in reducing atmosphere so as to
attain pellet density close to its theoretical value. This study seeks to develop an
alternative method to produce thorium, uranium and mixed thorium-uranium dioxide

fuel pellets which are prepared by internal gelation technique of sol-gel process. The



sol-gel method which is among the methods used for the production of ThO2-UO:
mixed oxide fuel pellets allows a high degree of micro-homogeneity of uranium and

thorium in the solution stage.

This study further aims to investigate shrinkage behavior and first-stage sintering
kinetics of pellets compacted in the Ar-%5 H» atmosphere by using dilatometer.
Sintering is an important step in the processing of ceramic nuclear fuel involving
micro-structural evolution by densification through several different transport
mechanisms. During the first-stage sintering, solid particles in contact are bonded
together and the aggregate shrinks resulting in a decrease of surface area and energy.
The neck formation, the neck growth and shrinkage take place by the material
transport. The determination of the first-stage sintering kinetics parameters is not
only important in determining the properties of the end product but have also
fascinated the powder technologists ever since they have started contending with
science of sintering. Therefore it is very important to determine the sintering kinetics
parameters. Various methods have been used to study the determination of sintering
mechanism. Among these, dilatometric studies of the kinetics of isothermal
shrinkage of powder compacts have been particularly useful they allow one
continuously to follow dimensional variation in the same sample. In the study,
dilatometric curves are used to determine the sintering mechanism, the diffusion

coefficients and the activation energy.



CHAPTER 1T

THEORY

2.1 Principles of Nuclear Reactors

Nuclear reactors generate electricity like any other steam-electric power plant. Water
is heated, and steam from the boiling water turns turbines and generates electricity.
The main difference in the various types of steam-electric plants is the heat source.
Heat from a self-sustaining chain reaction boils the water in a nuclear power plant.

Coal, oil, or gas is burned in other power plants to heat the water.

Despite the many possible differences in design, there are the basic parts of a reactor

which are the core, a moderator, control rods, a coolant, and shielding.

e The central part of a nuclear reactor is an active core in which the fission
chain reaction is sustained. The core of a reactor contains the uranium fuel.
For a light water reactor with an output of 1,000 megawatts, the core would
contain about 75 tonnes of uranium enclosed in approximately 200 fuel
assemblies.

e The moderator, which decreases the speed of fast neutrons, is usually carbon
in the form of graphite and water. Slower neutrons are much more likely to
cause fission and keep the reaction going.

e Control rods containing a neutron absorber, such as boron that can be
inserted into the core of the nuclear, provide more precise control of the chain
reaction. Pushed in, they absorb neutrons and slow down the reaction — pulled
out they allow it to speed up again.

e A liquid or gas used as coolant to transfer the enormous heat generated by
fission away from the reactor to a boiler where steam is made.

e Shielding, typically made of steel and concrete about two meters thick, is an

outer casing that prevents the escape of radiation to the environment.



2.1.1 Nuclear Fuel Cycle

Nuclear Fuel Cycle can be defined as the set of processes to make use of nuclear
materials and to return it to normal state. It starts with the mining of unused nuclear
materials from the nature and ends with the safe disposal of used nuclear material in

the nature.

To produce energy from Uranium in a nuclear reactor, it must be passed through in a
series of different processes. The complete set of processes to make nuclear fuel
from uranium ore is known as front end of the nuclear fuel cycle. The processes in
the front end of the nuclear cycle are mining and milling, conversion, enrichment and
fuel fabrication. After producing energy in the reactor, nuclear fuel becomes spent
fuel. Spent fuel has also to be processed in a storage facility or in a reprocessing
facility if it is being recycled. Temporary storage, reprocessing, long-term storage, or
final storage of spent fuel are together called back end of the nuclear fuel cycle. If
spent fuel is not reprocessed, the fuel cycle is referred to as an open fuel cycle (or
a once-through fuel cycle); if the spent fuel is reprocessed, it is referred to as a closed

fuel cycle.

Neutrons in motion are the starting point for everything that happens in a nuclear
reactor. When a neutron passes near to a heavy nucleus, for example uranium-235
(U-235), the neutron may be captured by the nucleus and this may or may not be
followed by fission. [41] Other relatively common heavy nuclei that are fissile
(implying thermal fission) are U-233, Pu-239 and Pu-241. Each of these is produced
artificially in a nuclear reactor, from the fertile nuclei Th-232, U-238 and Pu-240
respectively. U-235 is the only naturally occurring isotope which is thermally fissile,
and it is present in natural uranium at a concentration of 0.7 percent. U-238 and Th-

232 are the main naturally-occurring fertile isotopes.

The fission reaction in U-235 produces fission products such as Ba, Kr, Sr, Cs, I and
Xe with atomic masses distributed around 95 and 135. Examples may be given of

typical reaction products, such as:

U-235+n — Ba-144 + Kr-90 + 2n + energy
U-235+n — Ba-141 +Kr-92 +3n + 170 MeV
U-235+n — Zr-94 + Te-139 +3n + 197 MeV
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In such an equation, the number of nucleons (protons + neutrons) is conserved but a
small loss in atomic mass may be shown to be equivalent to the energy released.
Both the barium and krypton isotopes subsequently decay and form more stable
isotopes of neodymium and yttrium, with the emission of several electrons from the
nucleus (beta decays). It is the beta decays, with some associated gamma rays, which

make the fission products highly radioactive. This radioactivity decreases with time.

The chain reaction that takes place in the core of a nuclear reactor is controlled by
rods which absorb neutrons and which can be inserted or withdrawn to set the reactor
at the required power level. The fuel elements are surrounded by a substance called a
moderator to slow the speed of the emitted neutrons and thus enable the chain
reaction to continue. Water, graphite and heavy water are used as moderators in

different types of reactors. [73]
2.2 Nuclear Fuels
2.2.1 Uranium

Uranium was discovered by Martin Klaproth, a German chemist, in 1789 in the
mineral pitchblende, and was named after the planet Uranus. Hahn, Meitner and
Strassmann reported fission of uranium (U-235) in 1939. Uranium is the basic
material for nuclear energy and the heaviest elements occurring in nature. Like other
elements, uranium occurs in slightly differing forms known as isotopes. These
isotopes differ from each other in the number of neutron particles in the nucleus.
Natural uranium as found in the Earth's crust is a mixture of three isotopes: uranium-
238 (U-238), accounting for 99.275%; U-235 — 0.720%; and traces of U-234 —
0.005%.

The isotope U-235 is important because under certain conditions it can readily be
split, yielding a lot of energy. It is therefore said to be 'fissile' and we use the
expression 'nuclear fission'. During the fission two or three neutrons are thrown off.
If enough of these expelled neutrons are captured by the nuclei of other U-235 atoms
to split, releasing further neutrons, a fission 'chain reaction' occurs. When this
happens over and over again, many millions of times, a very large amount of heat is

produced from a relatively small amount of uranium. [73]
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The following Table 2.1 gives some idea of our present knowledge of uranium

reésources.

Table 2.1 Known Recoverable Resources of Uranium 2013[74]

tonnes U percentage of world

Australia 1,706,100 29%
Kazakhstan 679,300 12%
Russia 505,900 9%
Canada 493,900 8%
Niger 404,900 7%
Namibia 382,800 6%
South Africa 338,100 6%
Brazil 276,100 5%
USA 207,400 4%
China 199,100 4%
Mongolia 141,500 2%
Ukraine 117,700 2%
Uzbekistan 91,300 2%
Botswana 68,800 1%
Tanzania 58,500 1%
Jordan 33,800 1%
other 191,500 3%
World total 5,902,500

Reasonably Assured Resources plus Inferred Resources, to US$ 130/kg U, 1/1/13, from OECD NEA
& TAEA, Uranium 2013: Resources, Production and Demand ("Red Book"). The total to US$ 260/kg
U is 7.635 million tonnes U, and Namibia moves up ahead of Niger and USA ranks just after Canada.

The uranium dioxide (UQO.) is the most common composition of uranium when used
as reactor fuel around the world. It is a non-stoichiometric oxide exhibiting high
reactivity with oxygen or air. It can be readily oxidized to U3Og through a two-step
reaction. In order to achieve uranium dioxide pellets complying with the
specification, besides oxygen to uranium stoichiometric ratio (O/U ratio), the original
powders must hold a set of several determinate properties, such as surface area, bulk

and tap densities, water and impurities content, powder flowability, etc. [75]
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UO: is stable, one of three prevalent, uranium oxides that is present in the inventory.
Considering the following reaction, in an oxidizing atmosphere, starting from 300°C,

UO:> can be oxidized to form UzOg [76,77]

300-700°C
3UO; + Oz UszOg

The rate of this reaction is a function of particle size, and the temperature

requirement will change accordingly.
2.2.2 Thorium

Thorium is a naturally-occurring, slightly radioactive metal discovered in 1828 by
the Norwegian mineralogist Morten Thrane Esmark and identified by the Swedish
chemist Jons Jakob Berzelius, who named it after Thor, the Norse god of thunder. It
is found in small amounts in most rocks and soils, where it is about three times more
abundant than uranium. Soil commonly contains an average of around 6 parts per
million (ppm) of thorium. The most common being the rare earth-thorium-phosphate
mineral, monazite, which contains up to about 12% thorium oxide, but average 6-
7%. Soil commonly contains an average of around 6 ppm (parts per million) of [78];

others [79] reported that thorium content of soil as much as 10 ppm.

Unlike natural uranium, which contains ~0.7% *fissile’ **U isotope, natural thorium
does not contain any ‘fissile’ material and is made up of the ‘fertile’ 2*’Th isotope
only. Hence, thorium and thorium-based fuel as metal, oxide or carbide, has been
utilized in combination with ‘fissile’ >U or **Pu in nuclear research and power
reactors for conversion to ‘fissile’ 2*°U, thereby enlarging the ‘fissile’ material

resources.

In a fast reactor or thermal reactor, the fertile isotope >**Th is bombarded by slow
neutrons, undergoing neutron capture to become 2**Th. This normally emits an
electron and an anti-neutrino (v) by p— decay to become 2**Pa. This then emits

another electron and anti-neutrino by a second p— decay to become 2*3U, the fuel:

8- 8-
n+ %2Th — 2B Th 2528 pPa’3 238U
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Table 2.2 Estimated world thorium resources [80]

Country Tonnes
India 846,000
Brazil 632,000
Australia 595,000
USA 595,000
Egypt 380,000
Turkey 374,000
Venezuela 300,000
Canada 172,000
Russia 155,000
South Africa 148,000
China 100,000
Norway 87,000
Greenland 86,000
Finland 60,000
Sweden 50,000
Kazakhstan 50,000
Other countries 1,725,000
World total 6,355,000

Thorium fuels and fuel cycles are particularly relevant to countries having large
thorium deposits but very limited uranium reserves for their long term nuclear power
programme. Thorium cycles are feasible in all existing thermal and fast reactors, e.g.
light water reactors, heavy water reactors, high temperature gas reactors, sodium-
cooled fast reactors, and molten salt reactors. In the short term, it should be possible
to incorporate the thorium fuel cycle in some of the above existing reactors without
major modifications in the engineered systems, reactor control and the reactivity
devices. However, for the innovative reactors and fuel cycles, a lot of reactor physics
studies and other technological developments would be required before these could

be implemented.

Thorium fuel cycles offer attractive features, including lower levels of waste
generation, less transuranic elements in that waste, and providing a diversification
option for nuclear fuel supply. Also, the use of thorium in most reactor types leads to

extra safety margins. Despite these merits, the commercialization of thorium fuels
14



faces some significant hurdles in terms of building an economic case to undertake the

necessary development work.

Large scale utilization of thorium for nuclear power is possible only with the
introduction of an additional step of first converting the ‘fertile’ 2**Th into the

“fissile’ 2>3U. The subsequent use of 2>*U is conceivable in the following ways:

e ‘Open’ fuel cycle based on irradiation of 2**Th and in situ fission of 2*°U,
without involving chemical separation of 2**U.

e ‘Closed’ fuel cycle based on chemical reprocessing of irradiated thorium or
thorium based fuels for recovery of **U and refabrication and recycling of
233U bearing fuels.

All commercial power reactors in operation today are reliant on the uranium-
plutonium (U-Pu) fuel cycle, in which 2*°U is the principal fissile nuclide providing
the fission neutrons needed to maintain criticality and power output. The thorium
fuel cycle is an alternative to uranium-plutonium. Thorium is widespread in the
Earth’s crust and is known to occur in economically accessible deposits in many
locations. Natural thorium is made up entirely of the isotope 2**Th, which is fertile,
but not fissile. When irradiated by neutrons, 2*’Th is converted to 2**U, which is
fissile. In principle, if there are sufficient spare neutrons from uranium fuelled
reactor available, useful quantities of 2**U can be produced by irradiating 2*Th. The
233U can then either fission in situ in the fuel, increasing its useful energy output, or

is separated and recycled into new fuel. This is the basis of the thorium fuel cycle.

There is a big diversity of thorium-based nuclear fuels and fuel elements depending
on the type of reactor. Except for the molten salt breeder reactor (MSBR), which
uses mixed fluoride in liquid form as fuel and primary coolant, all other reactors use
solid fuels in the form of tiny “ceramic fuel microspheres” (100—-1000 p), “ceramic
fuel pellets” or “metallic alloy fuel rods”. Table 2.3 summarizes the thorium-based

fuel and fuel elements used in experimental and power reactors.
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Table 2.3 Types and geometry of thorium-based fuels and fuel elements [9]

REACTOR COMPOSITION FUEL SHAPE FUEL ELEMENT

TYPE

High ThO,, (Th,U)O,, ThC,, Microspheres 200- Mixed with graphite and pressed

temperature  (Th,U)C; 800 p coated with into large spheres (~60 mm) for

Gas cooled (33U or 23U) multiple layer of Pebble-Bed Reactor or fuel rods

reactors buffer & pyrolytic for HTGRs with prismatic fuel
carbon and SiC elements

Light water ThO,, (Th,U)0O,, e High-density e Zircaloy clad Pin

reactors (Th,Pu)O: Sintered Pellets Cluster encapsulating

Heavy water
reactors

PHWR

AHWR

Fast reactors

Molten salt
breeder
reactor

(<5%Pu, 25U or 23U)

ThO, for neutron flux
flattening or initial core

(Th,U)Os, (Th,Pu)O,
(<5%Pu, 25U or 2*U)

ThO, blanket
(Th,U)0: &
(Th,Pu)O>
(<5%Pu, U or
233)

Th metal blanket
Th-U-Zr & Th-
U-Pu-Zr fuels

Li’F+BeF,+ThF4+UF4

e High-density
Microspheres

High-density
Sintered Pellets

High-density
Sintered Pellets

Injection-cast
Fuel Rods

Molten salt liquid
form

Pellet-Stack

e Zircaloy clad ‘vipac’
Pin Cluster
encapsulating fuel
microspheres

Zircaloy clad Pin Cluster
encapsulating Pellet-Stack

Stainless steel (SS) clad Pin
Cluster encapsulating Pellet-
Stack

SS clad Pin Cluster
encapsulating Fuel Rods

Circulating molten salt acting as
fuel and primary coolant

2.3 Fuel Fabrication Processes

The essential steps of conventional ‘powder-pellet’ route are co-milling of oxide

powders, granulation, cold pelletization and sintering. The ‘powder pellet’ route is

suitable for fabrication of high-density fuel pellets but has the disadvantage of

‘radiotoxic dust hazard’ as it involves handling of fine fuel particles. Further, fine

powders have poor flowability, which makes automation and remote fabrication

somewhat difficult. The alternative ‘vibro sol’ or ‘sphere pac’ process involves

preparation of dust-free and free flowing sol gel derived fuel microspheres, which

after high temperature treatment produces very high-density fuel microspheres.

The following processes are being developed for the fabrication of thoria and thoria

based fuel pellets:
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(1) ‘Powder-pellet’ route: for preparation of high density fuel pellets, using ThO»,
UO: and PuO; powders as starting materials; the fuel pellet stacks are encapsulated

in cladding tubes.

(2) “Vibro-sol’ route: for preparation of fuel microspheres using nitrate solutions of
uranium, plutonium and thorium as starting materials and adapting ‘ammonia
external gelation’ or ‘ammonia internal gelation’ process for obtaining hydrated gel
microspheres; the microspheres are sintered and vibro packed in cladding tubes

followed by encapsulation.

(3) ‘Sol-gel microsphere pelletization’: using dust-free and free-flowing sol gel

derived oxide fuel microspheres for direct pelletization and sintering.

(4) ‘Impregnation technique’: where (a) partially sintered ThO, pellets of relatively
low density (<75% theoretical density) or (b) ‘porous’ ThO> microspheres are
vacuum impregnated in uranyl nitrate (‘U’ as 2**U) or Pu-nitrate solution followed
by calcination and sintering to form high density ThO.-based mixed oxide fuel

pellets, which are encapsulated in cladding tubes.
2.4 Sol-Gel Process

The sol-gel process involving the transition of a solution system from a liquid "sol"

into a solid "gel" phase is a versatile solution process for making advanced materials.

The processes have been developed for the fabrication of nuclear fuel materials, i.e.

the oxides, carbides and nitrides of uranium, plutonium and thorium as well as their

solid solutions. Development of solution based fuel fabrication processes for the

production of Th->>*U fuels dates back to the early sixties. Solution based routes

were first investigated for the production of (Th-?*U) oxide-based spherical coated

particle fuels for the high temperature gas cooled reactors (HTGR).

The sol-gel processes provide the following advantages over the conventional

powder pellet making route. The sol-gel process

(i) uses only sol/solutions and eliminates handling of radioactive powders
containing U, Pu.

(i1) requires handling of fluids and fluid-like microspheres. The transfers of fluids
are much simpler than that of powders of fuel materials. Therefore, sol-gel

process is more easily amenable to remote handling.
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(i) can use the nitrate solutions of the fuel materials like uranium and plutonium or
thorium from the reprocessing plants as the feed which reduces the number of
process steps such as actinide oxalate precip-itation, conversion to actinide
oxides etc. involving powder handling.

The disadvantages of the sol-gel processes are:

(i) Large amount of liquid waste is produced

(1)) Large amount of irradiation experience is available around the world for the
pellet fuels and their irradiation behaviour is well established, but the

irradiation experience for sphere-pac fuel is very limited.
2.4.1 General Flow Sheet of Sol-Gel Processes

There are many sol-gel process routes that have been developed by countries having
fuel development programme for nuclear fuel fabrication. Generalized flow sheet
common to these processes is given in Figure 2.1. The temperature differs from
process to process and also with the type of material, hence they are not mentioned in
the flow sheet. Droplets of the sol/solution of the fuel material are generated and then
these droplets are converted into hard gel particles by the gelation process.
Afterwards, the gel particles are washed, dried, calcined and sintered into high

density fuel microspheres.

SOL/SOLUTION

[

DROP FORMATION

[

GELATION

[

WASHING

[

DRYING, CALCINATION

[

REDUCTION, SINTERING

[

HIGH DENSITY MICROSPHERES

Figure 2.1 General flow sheet of the sol-gel processes for nuclear fuel microspheres
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2.4.2 Internal Gelation Process

Internal Gelation Process (IGP) is one of the most important routes of the sol-gel
process and has been accepted as the most promising process route globally because
of its simplicity and ability to control the properties of final product. The IGP was
developed for the production of UQO; microspheres by Kanij et al. [81] and
Brugghens et al. [82] at KEMA laboratories, Netherlands in 1967. The flow sheet for

the internal gelation process is shown in Figure 2.2.

In IGP, the solutions of the nitrates of uranium, thorium and plutonium or their
desired mixtures are used to make gel microspheres. Metal nitrate solutions are
cooled and then mixed with CO(NHz)> urea and (CHz)sN4 alias HMTA
(hexamethylenetetramine) solution in cooled condition. The droplets of the solution
are allowed to fall in a hot oil to provide the heating. Since the ammonia donor and
the heavy metal ions are dissolved in the same solution, gelation occurs rapidly and
nearly uniformly throughout the drop typical of a homogeneous precipitation. These
gel microspheres are washed first with CCls to remove the silicone oil and then with
ammonia solution to remove excess gelation agents HMTA, Urea and ammonium
nitrate. The washed particles are dried in air and then calcined to remove residual

organic matter and ammonium nitrate and finally reduced.

Concerning urania microspheres, preparation of Acid Deficient Uranyl Nitrate
(ADUN) solution with a NO3/UO»*" mole ratio of 1.5-1.7 is the first step of the flow
sheet, as it has higher solubility in water. It is done in one of the following ways: One

of the following ways can be used to pre-neutralize of Uranyl Nitrate solution:

1. addition of UO3 to a sub-stoichiometric amount of nitric acid (HNO3) or to a
stoichiometric solution of uranyl nitrate.

2. addition of U3Os to a sub-stoichiometric amount of HNOs.

3. addition of UO; to a sub-stoichiometric amount of HNOs.

4. amine extraction of acid from uranyl nitrate solution.
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Plutonium Nitrate
Solution

Uranyl Nitrate
Solution

Thorium Nitrate
Solution

For (U,Pu) Oxide
Microspheres

Mixing at ~273 K

For (Th,U) Oxide
Microspheres

Drop Formation

Cool (~273 K)
HMTA+UREA

Gelation in Hot Silicone oil
(363 K)

CCls + Silicone OQil

Washing Gel Particles

CCla

Ammonia + HMTA
+ UREA + NH4NOs3

Driying at 423 K

Ammonia Solution

Calcination and Reduction
in N,+8%H, Atmosphere

Sintering at ~1473 K
in N,+8%H, Atmosphere

High Density Oxide
Microsphere

Figure 2.2 The flow sheet for the internal gelation process [83]

2.4.3 Chemistry of Internal Gelation Process

20

The ADUN solutions require aeration for 24 h to remove NO; dissolved in the broth.
A 3 M solution of ADUN thus prepared is mixed with a 3 M HMTA/Urea solution
(known as HMUR) in the ratio 1:1.4. Under these acidic conditions, HMTA
hydrolyses to form ammonia and formaldehyde which leads to premature gelation.
The presence of urea helps to complex the uranyl ion to prevent hydroylsis at low

temperature with ammonia. Collins et al. [84] have explained the mechanism of the




gelation sequence. The feed solution is cooled to 273-272 K to reduce the rate of
decomposition of HMTA and to increase the stability of the uranyl-urea complex. So
broth preparation is carried out by mixing cold uranyl nitrate solution with cold
HMUR solution. Although gelation has been reported to occur over a wide range of
solution compositions (uranium molarity from 0.7 to 1.6) and a range of molar ratios
of HMUR to Uranium 0.75-2.3, the window of operating parameters become
narrower for making hard, opaque gels which behave well in the subsequent steps to
result in good quality, crack-free hard microspheres. Detailed studies carried out at
Bhabha Atomic Research Centre (BARC) Mumbai, India have resulted in the
gelation field diagram shown in Figure 2.3 [85] for the preparation of urania
microspheres. Feed compositions from the gelation field diagram resulting in hard,
opaque gel are suitable for making very good quality UO> microspheres which can
withstand washing, drying, reduction and sintering procedures with a very small

(1%) process loss.

2.4
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Figure 2.3 Gelation field diagram of uranium

In the feed solution made by mixing the ADUN with HMUR, the pH varies between
3.5 and 6 depending on the NO37/U ratio and uranium precipitation occurs above a
Ph of 3.25. When the droplets of the broth are introduced in the hot silicone oil, the
following reactions occur which control the extent of gelation. The following key

reactions are important in the chemistry of the internal gelation process.
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At first, temperature-induced decomplexation of ADUN-urea complex occurs.

UO,[CO(NH, ),|" < 2(CO(NH, ), )+UO> 2.1

2

Then the metal ion gets hydrolyzed to release hydrogen ion
U0} + H,0 < UO,(OH ) +H* 22
nUO,(OH) < UO,(0OH)"" 2.3

HMTA gets protonated consuming this hydrogen ion:

(CH,),N,+H* < [(CH,),N,H] 2.4

The decomposition of HMTA occurs through
[(cH,),N,H] +3H" +4NO; + 6HOH < 4NH + 4NO; + 6HCHO 2.5

Reactions (2.1) to (2.3) are the initiating reactions for the gelation. Since all these
reactions are highly temperature dependent and the degree of acid deficiency affects
the total concentration of hydrogen ion produced during hydrolysis, temperature and
acid deficiency greatly influence the gelation process. Further, the neutralising effect
of reaction (2.4) or (2.5) to form the metal ion polymer, (UO2(OH),™") is governed by
the HMUR/U ratio. At large HMUR/U ratios, the protonation reaction (2.4), which is
ionic in nature and hence very fast, is involved in the hydrolysis. The fast kinetics
does not allow the crystallites to grow and the resultant gel is transparent or
translucent. The gels formed with lower molar ratio of HMUR/U are predominantly
formed by the relatively slower reaction (2.5) resulting in the large crystallites and
opaque gel. The variation of crystallite size as function of composition has been
reported by Lloyd et al. [86]. The gels formed with lower molar ratio of HMTA/U in
the solution are predominantly formed by reaction (2.5) and thus the crystallites of
the polymer are allowed to grow because of slow kinetics. These variations are
clearly seen in the gelation field diagrams [85,87] for urania and thoria gels as shown

in Figure 2.3 and Figure 2.4, respectively.

Washing is an important step in the internal gelation process. Washing is done at first
with an organic solvent like CCls or trichloro ethylene (TCE) to remove the organics
and then with ammonia to remove the urea and ammonium nitrate ensuring that the
pH is at or above 8.5. Incompletely washed spheres fail during the subsequent steps.

Opaque gels are easier to wash than transparent or translucent gels.
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Drying is done in air between room temperature and 425 K in an oven or in a belt
drier in a continuous mode. Different calcination conditions have been used by
different laboratories. Generally, after drying calcination is done at 773—823 K in air.
For urania microspheres, reduction is carried out at 823—873 K to form UO, followed
by sintering under reducing atmosphere at 1473—1523 K. Reduction step is not

required for preparing thoria microspheres.

Studies have also been carried out in many countries on the preparation of thorium
oxide and (U,Th)O, microspheres. A large number of studies have been carried out
in India on these systems and Kumar et al. [87] have reported the gelation field

diagram for thorium system shown in Figure 2.4.
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Figure 2.4 Gelation field diagram for the preparation of thoria microspheres
2.5 Sintering Process

Sintering is the thermal treatment of a powder or compact at a temperature below the
melting point of the main constituent until its particles adhere to each other. The

purpose of sintering is to increase its strength by welding together of the particles.

The definition by Thummler [88] from the point of view of physical chemistry is:
‘Sintering is a thermally activated mass transport process which leads to

strengthening of particle contacts and/or a change in porosity and pore geometry
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accompanied by a reduction of the free energy. A liquid phase can take part in the

process’.

Sintering is actually one of the oldest human technologies, originating in the
prehistoric era with the firing of pottery. The production of tools from sponge iron
was also made possible by sintering. Nonetheless, it was only after the 1940s that
sintering was studied essentially and scientifically. Since then, remarkable
developments in sintering science have been made. One of the most essential and
beneficial uses of sintering in the modern era is the fabrication of sintered parts of all

kinds, including powder-metallurgical parts and bulk ceramic components. [89]

The sintering process is the phenomenon on which the entire field of powder
metallurgy is based. Excess surface energy contained in the mass of the powder
particles, and the presence of lattice defect in the crystalline state provide the driving
force to ensure the coalescence of these solid particles in contact. Shortly, the
sintering is the growth of contact interface between power particles in the solid state

under appropriate conditions of time, temperature and atmosphere.
During sintering process:

-Atomic diffusion takes place and the welded areas formed during compaction grow
until eventually they may be lost completely.

-Recrystallisation and grain growth may follow, and the pores tend to become
rounded and the total porosity, as a percentage of the whole volume tends to
decrease.

-In the pressing operation the powder particles are brought together and deformed at
the points of contact.

-At elevated temperature, the sintering temperature, the atoms can move more easily
and quickly migrate along the particle surfaces (the technical term is Diffusion).

-At the sintering temperature new crystallites form at the points of contact so that the
original inter-particle boundaries disappear, or become recognizable merely as grain
boundaries (This process is called Recrystallisation).

-The total internal surface area of the pressed body is reduced by sintering.
-Neck-like junctions are formed between adjacent particles as can be seen on the

adjoining scanning electron micrograph.
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2.5.1 Sintering Variables

The major variables which determine the sintered microstructure and sinterability of
a powder compact may be divided into two categories. These categories are material
variables and process variables (Table 2.4). The variables related to raw materials
(material variables) include chemical composition and impurity of powder compact,
degree of powder agglomeration, powder shape, powder size and powder size
distribution, etc. These variables influence the powder compressibility and
sinterability (densification and grain growth). In particular, for compacts containing
more than two kinds of powders, the homogeneity of the powder mixture is of prime
importance. To improve the homogeneity, not only mechanical milling but also
chemical processing, such as sol-gel and coprecipitation processes, have been

investigated and utilized.

Table 2.4 Variables affecting sinterability and microstructure [89]

Variables related to raw materials Powder:

(material variables) shape, size, size distribution,
agglomeration, mixedness, etc.
Chemistry:
composition, impurity, non-
stoichiometry, homogeneity, etc.

Variables related to sintering Temperature, time, pressure, atmosphere,

materials (process variables) heating and cooling rate, etc.

The other variables involved in sintering are mostly thermodynamic variables, such
as temperature, time, atmosphere, pressure, heating and cooling rate. Many previous
sintering studies have examined the effects of sintering temperature and time on
sinterability of powder compacts. It appears, however, that in real processing, the
effects of sintering atmosphere and pressure are much more complicated and
important. Unconventional processes controlling these variables have also been

intensively studied and developed. [89]
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2.5.2 Material transport mechanisms of sintering

Sintering of polycrystalline materials occurs by diffusional transport of matter along
definite paths which define the mechanisms of sintering. In polycrystalline materials,
there are at least six different mechanisms of sintering as shown schematically in
Figure 2.5 for a system of three sintering particles. The strength of the powder
compact increases during sintering since they all lead to bonding and growth of
necks between the particles. Only certain mechanisms, however, lead to shrinkage or
densification, and a distinction is commonly made between densifying and

nondensifying mechanisms.

Grain boundary

. Surface diffusion

. Lattice diffusion {from the
surface)

. Vapor transport

. Grain boundary diffusion

. Lattice diffusion {from the
grain boundary)

. Plastic flow

[

[

Figure 2.5 Six distinct mechanisms can contribute to the sintering of a consolidated
mass of crystalline particles: (1) surface diffusion, (2) lattice diffusion from the
particle surfaces to the neck, (3) vapor transport, (4) grain boundary diffusion, (5)
lattice diffusion from the grain boundary, and (6) plastic flow

Surface diffusion, lattice diffusion (volume diffusion) from the particle surfaces to
the neck, and vapor transport lead to neck growth without densification and are
referred to as nondensifying mechanisms (mechanisms 1, 2, and 3). Grain boundary
diffusion and lattice diffusion from the grain boundary to the pore are the most
important densifying mechanisms in polycrystalline ceramics (mechanisms 4 and 5).
Diffusion from the grain boundary to the pore permits neck growth as well as
densification. Plastic flow by dislocation motion also leads to neck growth and
densification but is more common in the sintering of metal powders (mechanism 6).
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The nondensifying mechanisms cannot simply be ignored because when they occur,
they reduce the curvature of the neck surface and so reduce the rate of the densifying
mechanisms. [90] Only mechanisms 1 to 3 lead to densification, but all cause the

necks to grow and so influence the rate of densification.

The major mechanisms of material transport and their related parameters are listed in
Table 2.5. The material transport due to the difference in interface curvature occurs
under the parallel actions of various mechanisms. The dominant mechanism,
however, can vary depending on, i.e., particle size, neck radius, temperature and time

for a given system.

Some of these material transport mechanisms contribute to densification and
shrinkage while others do not. The interparticle distance can be reduced only by bulk
material flow via viscous flow or by material transport from the grain boundary via
atom movement. When material comes to the neck from the particle surface,
interparticle distance is not reduced but the neck size is increased by redistribution of
material. Therefore, the grain boundary is the source of material transport for

densification and shrinkage in crystalline powder compacts. [90,91]

Table 2.5 Material transport mechanisms during sintering[89]

Material transport Material Material
. . Related parameter
mechanism source sink
1. Lattice diffusion Grain boundary  Neck %)attlce diffusivity,
t
Grain boundary

2.Grain boundary diffusion Grain boundary ~ Neck diffusivity, D

3.Viscous flow Bulk grain Neck Viscosity, i
4.Surface diffusion Grain surface Neck ZS)urface diffusivity,
5.Lattice diffusion Grain surface Neck Ilsattlce diffusivity,
t
6. Gas phase transport
6.1.Evaporation/ . Vapour pressure
Condensation Grain surface Neck difference, 4p
6.2.Gas diffusion Grain surface Neck Gas diffusivity, Dy
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2.5.3 Stages of Sintering

Sintering is ordinarily thought to occur in three consecutive stages referred to as (1)
the initial stage, (2) the intermediate stage, and (3) the final stage. In some analyses
of sintering, an extra stage, stage 0, is considered which define the instantaneous
contact between the particles, when they are first brought together due to elastic
deformation in response to surface energy reduction at the interface [92]. Figure 2.6
shows the idealized geometrical structures that were suggested by Coble [93] as
representative of the three stages for polycrystalline materials. The geometrical
models assumed for the intermediate and final stages are very different from those

for the polycrystalline case for amorphous materials. [90]
Initial Stage

The initial stage consists of considerably rapid interparticle neck growth by
diffusion, vapor transport, plastic flow, or viscous flow. In this stage, the large initial
differences in surface curvature are removed, and densification (or shrinkage)
accompanies neck growth for the densifying mechanisms. For a powder system
consisting of spherical particles, the transition between Figures 2.6(a) and 2.6(b)
represents the initial stage. For a powder system with an initial density of 0.5-0.6 of
the theoretical density, this corresponds to a linear shrinkage of 3 to 5 % or an
increase in density to ~0.65 of the theoretical when the densifying mechanisms

dominate.

Intermediate Stage

When the pores have reached their equilibrium shapes, the intermediate stage begins
as dictated by the surface and interfacial tensions. The pore phase is still continuous.
In the sintering models, the structure is generally idealized in terms of a spaghetti-
like array of porosity sitting along the grain edges as illustrated in Figure 2.6(c).
Densification is assumed to occur by the pores simply shrinking to reduce their cross
section. Consequently, the pores become unstable and pinch off, leaving isolated
pores; this constitutes the beginning of the final stage. The intermediate stage
normally covers the major part of the sintering process, and when the density is ~0.9

of the theoretical, it is taken to end.
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Final Stage

The microstructure in the final stage can develop in a variety of ways. In one of the
simplest descriptions as shown by the idealized structure in Figure 2.6(d), the final
stage begins when the pores pinch off and become isolated at the grain corners. In
this simple description, the pores are assumed to shrink continuously and may

disappear altogether.

(d)

Figure 2.6 Idealized models for the three stages of sintering. (a) Initial stage: Model
structure represented by spheres in tangential contact. (b) Near the end of the initial
stage: Spheres have begun to coalesce. The neck growth illustrated is for center-to-
center shrinkage of 4%. (c) Intermediate stage: Dark grains have adopted the shape
of a tetrakaidecahedron, enclosing white pore channels at the grain edges. (d) Final

stage: Pores are tetrahedral inclusions at the corners where four tetrakaidecahedra

meet. [93]
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Figure 2.7 Examples of real microstructures (planar sections) for (a) initial stage of

sintering, (b) intermediate stage, and (c) final stage.
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The removal of almost all of the porosity has been achieved in the sintering of
several real powder systems. In Table 2.6, some of the main parameters associated
with the three idealized stages of sintering are summarized, and examples of the
microstructures (planar section) of real powder compacts in the initial, intermediate,

and final stages are shown in Figure 2.7.

Table 2.6 Parameters Associated with the Stages of Sintering for Polycrystalline
Solids [90]

Typical microstructural Relative density
Stage feature range Idealized model
Rapid inter-particle neck Two monosize spheres
Initial Up t0~0.65 ]
growth in contact
Tetrakaidecahedron with
Equilibrium pore shape with cylindirical pores of the
Intermediate ~0.65-0.90

continuous pososity same radius along the

edges

o ) Tetrakaidecahedron with
Equilibrium pore shape with ) )
Final ) ) >~0.90 spherical monosize pores
isolated pososity
at the corners

In these sintering stages, the most important is the first-stage. During this stage solid
particles in contact are bonded together and the aggregate shrinks resulting in a
decrease of surface area and energy. A method of isolating the initial stage of the
process is to employ small spheres of the same diameter touching each other. The
neck growth and shrinkage take place by the material transport. Various types of
material transport including viscous flow, plastic flow, evaporation-condensation,
surface diffusion, grain-boundary diffusion and volume diffusion may occur during
the sintering. All of these mechanisms may produce neck growth. But, only grain-

boundary and volume diffusion are capable of producing shrinkage.

Various methods have been used to study the determination of sintering mechanism.
Among these, dilatometric studies of the kinetics of isothermal shrinkage of powder
compacts have been particularly useful because they alow one continuously to follow

dimentional variation in the same sample.
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2.5.4 Sintering Kinetics and Activation Energy

The mechanism of material movement in sintering are not only important in
determining the properties of the end product but have also fascinated the powder
technologists ever since they have started contending with the science of sintering.

Therefore, it is very important to determine the sintering kinetic parameters.

The kinetic equations of first-stage sintering have been derived by many
investigators [94-96], who have based their considerations on the contact geometries
and on material transport mechanisms. According to Bannister [97], the general

equation for isothermal initial-stage sintering is given in equation 2.6.

The experimental shrinkage curves obtained generally follow an equation of the

form:
AL/L,=Y = [K(T)t]", 2.6
where

K(T) = A4yQ2D / kT 2.7

In this equation: L, is the initial sample length at the start of sintering, K(7) is
Arrhenius constant, D is the diffusion coefficient (cm?/s), 7 is the particle radius
(cm), ¥ is the surface tension (erg/cm?), £2 is the vacancy volume (cm?), 4, n, p are

the constants whose values depend on the sintering mechanism and k is the

Boltzmann constant.

It is very difficult to determine the origin of the curve since the sample will not reach
the isothermal temperature immediately. Following the time and shrinkage correction

Eq. (2.6) became [98]:

Y+Y, = K'(t+ t,)" (t, <<0). 2.8

Differentiation form of the equation gives the following:

A/ dt=Y=n K" t". 2.9
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Y can be calculated from experimental data. With plotting logY versus log ¢ a
straight line (slope: n-1) will be obtained for each isothermal temperature. The value
of n (determination of sintering mechanism) can be determined from the slope of this
line and K(T) from the intercept with logY axis. When K(T) is known the diffusion

coefficient can be calculated from Eq. (2.7).
From the variation of log D versus 1/7 the expression is as follows

D =D, exp—(Q/RT) 2.10
where D, is the preexponential factor of Arrhenius equation and Q is the activation
energy and R is the molar gas constant.

The apparent activation energy is calculated from the slope of the variation of InD
versus 1/7T (a straight line). The slope of the plot of InD and 1/T gives the —O/R. R
being a constant of value 8.31441 J K! mol!, Q is determined from the slope of the

plot.

32



CHAPTER IIT
CHARACTERIZATION METHODS

After the process of synthesis, it is necessary to obtain a thorough characterization of
the materials. If we do not understand its composition, structure, and morphology, it
is almost impossible to understand the properties of a material and, consequently, its

proper application [99].

The most important rule of material characterization is to apply numerous methods,
because only one methodology generally does not bring about a complete
understanding of the material. In order to thoroughly characterize a material, various
procedures are applied. Among them include x-ray diffraction (XRD), transmission
electron microscopy (TEM), scanning electron microscopy (SEM), infrared (IR) and
Raman spectroscopy, nuclear magnetic resonance (NMR), x-ray fluorescence (XRF)
and energy-dispersive x-ray analysis (EDAX). To supplement these characterization
methodologies, thermal methods are also usually applied, for example, differential
thermal analysis (DTA), thermal gravimetric analysis (TGA), differential scanning

calorimetry (DSC), dilatometry (DIL) and adsorption methods (BET).
3.1 Thermal Analysis Methods

Thermal analysis techniques involve the measurement of various properties of
materials subjected to dynamically changing environments under previously
determined condition of heating rate, temperature range and gaseous atmosphere or
vacuum. The most widely used techniques are TGA, DTA and DIL, which are
employed in inorganic and organic chemistry, metallurgy, mineralogy and other

arcas.

In certain cases, the use of a single thermo analytical technique may not provide
sufficient information to solve the problem on hand and hence the use of other
thermal techniques, either independently or simultaneously, for complementary

information becomes necessary. For example, both differential thermal analysis
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(DTA) and thermo gravimetric analysis (TGA) are widely used in studies involving
physicochemical changes accompanied by variation in the heat content and the
weight of the material, and Dilatometer (DIL) is a technique by which the
dimensional changes of the sample are monitored as a function of temperature or

time.

3.1.1 Thermo Gravimetric Analysis (TGA)

TGA is an analytical technique in which the mass of a substance is measured as a
function of temperature or time while the sample specimen is subjected to a

controlled temperature program in a controlled atmosphere.

The null-point weighing mechanism is employed since the sample remains in the
same zone of furnace irrespective of changes in mass. The furnace is normally an
electrical resistive heater and the temperature range for most of the furnace is from
ambient to 1000-2000°C. The rate of heat exchange between the furnace and the
sample depends on the heating rate which influences the TG curve in a number of
ways. A slower rate gives a better resolution of the closely lying steps, while the
faster heating rate merges such steps. The shape of thermogravimetric curve of a
particular compound is influenced by the heating rate of the sample and the

atmosphere surrounding it.

If the identity of the product after heating is known, then the ceramic yield can be
found from analysis of the ash content. By taking the weight of the known product
and dividing it by the initial mass of the starting material, the mass percentage of all
inclusions can be found. Knowing the mass of the starting material and the total mass
of inclusions, such as ligands, structural defects, or side-products of reaction, which
are liberated upon heating, the stoichiometric ratio can be used to calculate the
percent mass of the substance in a sample. [100]

Applications of TGA

*Study thermal degradation / decomposition / dehydration.

*Chemical reaction resulting in changes of mass such as absorption, adsorption,
desorption.

*To check the sample purity.
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3.1.2 Differential Thermal Analysis (DTA)

DTA is a technique in which the temperature difference between a substance and a
reference material is measured as a function of temperature whilst the substance and
reference material are subjected to a controlled temperature program [101]. DTA
provides information on the chemical reactions, phase transformations, and structural
changes that occur in a sample during a heat-up or a cool-down cycle. The DTA
measures the differences in energies released or absorbed, and the changes in heat
capacity of materials as a function of temperature. The graph of DTA signal, i.e.
differential thermocouple output in micro volts on the Y-axis plotted versus the

sample temperature in °C on the X-axis gives the results of DTA.

Modern thermo-balances are often equipped so as to record the DTA signal and the
actual thermo-gravimetric measurement, simultaneously. In addition to showing the
energetic nature of weight loss events, the DTA signal can also show thermal effects
that are not accompanied by a change in mass, e.g. melting, crystallization or a glass

transition. Transition temperatures are measured precisely using the DTA.

Application of DTA
*Primarily used for detection of transition temperature.

*To check the sample purity.

3.1.3 Dilatometry (DIL)

Dilatometry is a thermo-analytical technique used to measure dimensional changes
of a specimen brought about by changes in its thermal environment. Typical
measurements include thermal expansion, annealing studies, determination of phase
transitions and the glass transition, softening points, kinetics studies, construction of
phase diagrams and sintering studies, including the determination of sintering

temperature, sintering step and rate-controlled sintering.

Dilatometry can be applied not only to solid samples, but also to powders, pastes,
and even liquids. It can also be used to carry out ratecontrolled sintering studies on

reactive powders in fields such as advanced ceramics or powder metallurgy.

Due to large technological advances, this thermal analysis method can now measure

even the slightest of thermal behaviors in ceramics. Recent innovations in
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dilatometer hardware and software design promise to augment the possibilities

provided by thermal expansion measurement.

The Dilatometer (DIL 402 C), shown in Figure 3.1, has an Invar measurement
system with a high-resolution measurement transducer and comprehensive
thermostatic control, offering the highest degree of accuracy, reproducibility and

long-term stability for application temperatures up to 1650°C.

fiow-through
sectional view protective tube

DIL 402 C - 3-dimensional

Figure 3.1 Schematic and measuring part of DIL 402 C
Method and Principle of Operation
Pushrod dilatometry is a method for determining dimensional changes versus
temperature or time while the sample undergoes a controlled temperature program.

The degree of expansion divided by the change in temperature is called the material’s

coefficient of expansion (o) and generally varies with temperature.

Q= i(AA—;) G.1)

In this equation, a is coefficient of expansion, Lo is initial sample length, AT is

change in temperature and A4/ is change in length.

To perform a dilatometric analysis, a sample is inserted into a special holder within a
movable furnace. A pushrod is positioned directly against the sample and transmits

the length change to a linear variable displacement transducer (LVDT).
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As the sample length changes during the temperature program, the LVDT core is
moved, and an output signal proportional to the displacement is recorded. The
temperature program is controlled using a thermocouple located either next to the

heating element of the furnace or next to the sample.

Since the sample holder and the front part of the pushrod are being exposed to the
same temperature program as the sample, they are also expanding. The resulting
dilatometer signal is therefore the sum of the length changes of sample, sample

holder, and pushrod.

It is thus necessary to correct the raw dilatometer data in order to obtain a true view
of sample behavior. There are two correction methods: the application of tabulated
expansion data, or — often more precise — of a correction curve to eliminate

systematic error.

Advantage of a Horizontal Pushrod Dilatometer

The superior thermal uniformity of a horizontal pushrod dilatometer can be attributed
to very low temperature gradients. A horizontal furnace is not subject to convection
parallel with the sample. Particularly for long samples, a horizontal dilatometer
system is essential in ensuring that the temperature distribution is reasonably

uniform.

The Characteristics of DIL 402 C are wide temperature range, 6 exchangeable
furnaces, vacuum-tight by design, large sample dimentions, adjustable contact
pressure, extremely low drift and high resolution, various accessories for special

applications, coupling to evolved gas analysis (EGA).

Atmosphere — High Vacuum

The vacuum-tight design of the DIL 402 C allows for careful control of the
atmosphere and pure gas conditions. For example, the system can be evacuated and
back-filled with pure inert or non-reactive gas. Static or dynamic reactive gas
atmospheres can be applied as well. Materials sensitive to oxygen can be studied

under pure inert gas conditions.

37



3.2 Surface Analysis Method-BET

Brunauer, Emmett and Teller (BET) theory aims to explain the
physical adsorption of gas molecules on a solid surface and serves as the basis for an
important analysis technique for the measurement of the specific surface area of a
material. In 1938, Stephen  Brunauer, Paul Hugh Emmett, and Edward
Teller published the first article about the BET theory in the Journal of the American
Chemical Society.[102] The specific surface area of a power is determined by
calculating the amount of adsorbate gas usually non-corrosive (like nitrogen, Ar, CO»
etc.) corresponding to a mono molecular layer on the surface. Physical adsorption
results from the relatively weak forces (van der Waals) between the adsorbate gas
molecules and the adsorbent surface area of the test powder. The determination is
usually carried out at the temperature of liquid nitrogen. The amount of gas adsorbed

can be measured by a volumetric or continuous flow procedure.

The concept of the BET theory was an extension of the Langmuir theory, developed
by Irving Langmuir in 1916, which relates the monolayer adsorption of gas
molecules (Figure 3.2) adsorbates onto a solid surface to the gas pressure of a
medium above the solid surface at a fixed temperature to Equation 3.2, where 0 is the

fractional cover of the surface, P is the gas pressure and o is a constant.

a.P
1+(a.P)

9 =

(3.2)

Adsorbate M v

Figure 3.2 Schematic of the adsorption of gas molecules onto the surface of a sample
showing (a) the monolayer adsorption model assumed by the Langmuir theory and

(b) the multilayer adsorption model assumed by the BET theory [103]
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3.2.1 Adsorption isotherm

When a gas comes in contact with a solid surface, under suitable conditions of
temperature and pressure, the concentration of the gas (the adsorbate) is always
found to be greater near the surface (the adsorbent) than in the bulk of the gas phase.
This process is known adsorption. The amount of gas adsorbed depends on the
exposed surface are but also on the temperature, gas pressure and strength of

interaction between the gas and solid.

In BET surface area analysis, nitrogen is usually used because of its availability in
high purity and its strong interaction with most solids. Because the interaction
between gaseous and solid phases is usually weak, the surface is cooled using liquid
N> to obtain detectable amounts of adsorption. Known amounts of nitrogen gas are
then released stepwise into the sample cell. Relative pressures less than atmospheric
pressure is achieved by creating conditions of partial vacuum. After the saturation
pressure, no more adsorption occurs regardless of any further increase in pressure.
Highly precise and accurate pressure transducers monitor the pressure changes due to
the adsorption process. After the adsorption layers are formed, the sample is removed
from the nitrogen atmosphere and heated to cause the adsorbed nitrogen to be
released from the material and quantified. The data collected is displayed in the form
of a BET isotherm, which plots the amount of gas adsorbed as a function of the

relative pressure. [104-106]

The BET equation, Equation 3.3, uses the information from the isotherm to
determine the surface area of the sample, where X is the weight of nitrogen adsorbed
at a given relative pressure (P/P,), Xm is monolayer capacity, which is the volume of
gas adsorbed at standard temperature and pressure (STP), and C is constant related to

energy of adsorption. STP is defined as 273 K and 1 atm.

1 1, Cc-1 (ﬂ) 13
X[ 1] XmC | XmC P (3.3)
y = b + mx

Ideally five data points, with a minimum of three data points, in the P/Po range 0.025
to 0.30 should be used to successfully determine the surface area using the BET

equation. At relative pressures higher than 0.5, there is the onset of capillary

39



condensation, and at relative pressures that are too low, only monolayer formation is
occurring. When the BET equation is plotted, the graph should be of linear with a
positive slope. If such a graph is not obtained, then the BET method was insufficient
in obtaining the surface area. The monolayer capacity Xm can be calculated with

Equation 3.4.

Xp=—= — (3.4)

Once Xm is determined, the total surface area S can be calculated with the following
equation, where Lay is Avogadro’s number, Ay is the cross sectional area of the
adsorbate (nitrogen) and equals 0.162 nm? for an absorbed nitrogen molecule, and M

is the molecular weight of adsorbate (nitrogen) Equation 3.5.

XmLavA
St — % (3.5)

Single point BET can also be used by setting the intercept to 0 and ignoring the value
of C. The data point at the relative pressure of 0.3 will match up the best with a
multipoint BET. Single point BET can be used over the more accurate multipoint

BET to determine the appropriate relative pressure range for multi-point BET.

The isotherm data obtained from partial pressure range of 0.05 to 0.3 is plugged into
the BET equation, Equation 3.3 to obtain the BET plot. Using Equation 3.4, the
monolayer capacity is determined. Now that X is known, then Equation 3.5 can be

used to determine that the surface area. [104-106]

3.3 Structure Analysis Method-XRD

X-ray diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material and can provide information on unit cell
dimensions. The analysed material is finely ground, homogenized, and average bulk
composition is determined. Max von Laue, in 1912, discovered that crystalline
substances act as three-dimensional diffraction gratings for X-ray wavelengths
similar to the spacing of planes in a crystal lattice. X-ray diffraction is now a
common technique for the study of crystal structures and atomic spacing. X-ray
diffraction is based on constructive interference of monochromatic X-rays and a
crystalline sample. These X-rays are generated by a cathode ray tube, filtered to

produce monochromatic radiation, collimated to concentrate, and directed toward the
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sample. The interaction of the incident rays with the sample produces constructive
interference (and a diffracted ray) when conditions are described satisty Bragg's
Law, Equation 3.6. This law relates the wavelength of electromagnetic radiation to

the diffraction angle and the lattice spacing in a crystalline sample.
2d sin (0) = nA (3.6)

Where n is an integer called the order of reflectance, A is wavelength of the radiation,
d is the distance between two atomic planes (d-spacing), and 0 is the angle between
the planes and the incident X-ray beam. This equation expresses the condition for
diffraction, in effect, that for a given d-spacing and wavelength of radiation
diffraction will occur at a unique angle between the beam and the set of planes in
question. For crystals where the spacing is on the order of a few angstroms only a
few constructive interference peaks are observed. These diffracted X-rays are then
detected, processed and counted. By scanning the sample through a range of 26
angles, all possible diffraction directions of the lattice should be attained due to the

random orientation of the powdered material (Figure 3.3). [107-110]

Conversion of the diffraction peaks to d-spacing allows identification of the mineral
because each mineral has a set of unique d-spacing. Typically, this is achieved by

comparison of d-spacing with standard reference patterns.

incoming reflected
X-rays _— wavefront - X-rays

’ [ Y

k S“x ::..ll;"' 20 v

Figure 3.3 Schematic representation of XRD by regularly spaced planes of atoms in

a crystal.

Theta (0) is the angle that the beam makes with the atomic planes; 26 is the angle
that the diffracted beam deviates from the primary beam; d is the distance between
equivalent atomic planes in the crystal (d-spacing); and A is wavelength of the

radiation. [107]
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In the cubic system, the plane spacing is related to the lattice constant a and the

Miller indices by the following equation:

a
d= Fmar 3.7
Combining Eqn. 3.6 and 3.7,
1\2 sin? 0
(Z) = hZtkiti2 (3-8)

Thus for all sets of Miller indices there is an angle that will satisfy the Bragg
condition such that the value of A/2a is a constant. The distinction between the
simple cubic (SC), body-centred cubic (BCC) and face-centred cubic (FCC) crystal
structures can therefore be made by comparing the allowed Miller indices with those

evaluated from the x-ray spectrum.

The powder method of X-Ray diffraction was devised independently in 1916 by
Debye and Scherrer in Germany. The powder method is very useful and when
properly employed, can yield a great deal of structural information about the material
under investigation. The method is generally used in metallurgical work, as single
crystals are not always available to the metallurgic. If the materials are
polycrystalline wire, sheet, rod, etc. The Single formula given by Debye Scherrer can
be used to calculate the crystalline size from the available XRD data. According to
Scherrer, it is possible to determine the average grain size of spherical crystallites by
measuring the FWHM of the diffraction peaks corrected for the contributions from
the diffractometer. Debye Scherrer formula for calculate particle (crystalline) size,

Eqgn. 3.9.

B= X2 (3.9)

tcos@

Where; t (D) is the crystallite size, A is the wavelength of the X-ray radiation (CuKq
= 0.15406 nm), k is a constant dependent on crystal shape 0.94 for spherical crystals
with cubic symmetry, 0 is the diffraction angle and B is the line full width at half
maximum (FWHM) (radians) height. This derivation is based on the assumption of a

Gaussian shape profile. [111-113]
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CHAPTER 1V
EXPERIMENTAL PROCEDURE

4.1 Initial Materials

The initial materials are uranyl nitrate hexahydrate (UNH) and commercial thorium
nitrate. UNH was prepared by the conversion of U3Osg, which was supplied by
Canada Atomic Energy, to the ammonium diuranate (ADU) form at Cekmece
Research and Training Center and commercial thorium nitrate salt supplied by

company of Rhone-Poulench.

Experimental studies were performed in the Reactor Materials Unit of the Cekmece

Nuclear Research and Training Center (CNAEM).

Before starting the experiments chemicals needed, uranyl nitrate and thorium nitrate
powders, HMTA and Urea powders, silicon oil, ammonia (NH3) and carbon
tetrachloride(CCls) solutions, argon(Ar), Ar+H2(5%), CO2 and nitrogen gasses were
provided.

The UO2, ThO2, ThO2-5%UO, and ThO2-10%UO; green pellets were prepared by
internal gelation technique of sol-gel process where in which we used the solutions
of uranium nitrate, thorium nitrate and their desired mixtures for the mixed oxide

pellets.

The flow-sheet used for the preparation of UO,, ThO; and (Th,U)O, pellets by

internal gelation in the present study is shown in Figure 4.1.

[ Feed Broth

Gel
* Microsphere
Formation

‘Washing and
Drying

Reduction or
Calcination

*l Crushing J*l Pelletization J*l Sintering J

Figure 4.1 Flow sheet for the preparation of UO2, ThO2 and (Th,U)O> pellets by

internal gelation technique
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4.2 Preparation of Gel Microspheres

The gelation behaviour of the feed solution is understood the way urea and HMTA
react with metal nitrate solutions under varying temperature conditions. The feed
solution is made by mixing heavy metal nitrate solution with an equimolar solution
of HMTA and urea under cooled conditions. Urea (CO(NHz)>) reacts with the heavy
metal ions U(VI), Pu(IV) and Th(IV) at low temperature to form complexes which
prevent hydrolysis at low temperature of these metal ions by HMTA ((CH2)sN4). The
formation of complex prevents the hydrolysis of the metal ion at low temperature.
The metal ion complexes dissociate during gelation as they are unstable at higher

temperatures.
4.2.1 Preparation of UO2 Microspheres

Preparation of 3 M UNH solution which was pre-neutralized to NO3/U =1.7 by
adding ammonia solution with concentration of %25. The calculated weights of
analytical grade HMTA and urea crystals were dissolved in distilled water to obtain 3

M HMTA-Urea solution. The uranium concentration of in broth solution was 1.2 M.

Figure 4.2 Pure Uranil Nitrate Crystal, HMTA+Urea and Uranil Nitrate solutions.

Dropping and gelation

UNH and HMTA/Urea solutions were cooled to 0.5+0.1°C by chiller and then
HMTA/Urea solution dropped slowly in UNH solution during stirring with glass rod.

The temperature of silicon oil column was heated to 90+2°C.
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Then this broth solution was dropped through 0.5 mm diameter nozzle into hot
silicon oil in glass column to make gel microsphere. The microsphere are collected

from the bottom side of column in a beaker.

Figure 4.3 Forming microspheres
Washing and drying

These collected microspheres first washed five times with carbon tetra chloride
(CCly) to remove silicon oil contamination, and then the microspheres washed eight
times with %2 ammonia solution to complete gelation and removing other
contaminations. After washing steps, the microspheres were dried in heat controlled

oven 8 hours at 100°C in air with slow heating rate.

Figure 4.4 Washing and dried UO; microspheres

Reduction

The dried UO3 microspheres were reduced to UO2+x at 650°C in Ar+H2(%5) gas
mixture for 1.5 hours. During cooling period of reduction step at about 180°C
reducing gas stopped and from this temperature to room temperature the furnace is

cooled in CO; atmosphere to passivation of the microspheres.
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4.2.2 Preparation of ThO: Microspheres

Preparation of 3 M thorium nitrate (Th(NO3)4).5H20 solution which was pre-
neutralized to NO3/Th =3 by adding ammonia solution with concentration of %?25.
The calculated weights of analytical grade HMTA and urea crystals were dissolved
in distilled water to obtain 3 M HMTA-Urea solution. The thorium concentration of

in broth solution was 1.2 M.

Dropping and gelation

Thorium Nitrate and HMTA/Urea solutions were cooled to 10+1°C by chiller and
then HMTA/Urea solution dropped slowly in Thorium Nitrate solution during
stirring with glass rod. The temperature of silicon oil column was heated to 105+2°C.
Then this broth solution was dropped through 0.5 mm diameter nozzle into hot
silicon oil in glass column to make gel microsphere. The microsphere are collected

from the bottom side of column in a beaker.

Washing, drying and calcination:

These collected microspheres first washed five times with carbon tetra chloride
(CCly) to remove silicon oil contamination, and then the microspheres washed twelve
times with %5 ammonia solution to complete gelation and removing other

contaminations.

After washing steps, the microspheres were dried in heat controlled oven at 50°C and
then the oven heated to 100°C in air with slow heating rate, the microsphere were

during two days at this temperature.

Figure 4.5 Dried and calcined ThO; microspheres.
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The dried ThO2 microsphere were calcined around 700°C for five hours to remove

residual chemicals.

4.2.3 Preparation of (Th,U)O2 Microspheres

Preparation of 3 M uranyl nitrate hexahydrate (UNH) and thorium nitrate (Th(NO3)4)
(ThooUo.1)O2 and (Thoos,Uo05)O2 solutions which are pre-neutralized by adding
ammonia solution with concentration of %25. The calculated weights of analytical
grade HMTA and urea crystals were dissolved in distilled water to obtain 3 M
HMTA-Urea solution. The thorium and uranium concentrations of in broth solution

were 1.2 M.

Dropping and gelation

UNH and thorium nitrate were mixed in the specified proportions before adding
gelling agents. The mixed metal solution and HMTA/Urea solution were cooled to
about 13°C during stirring with glass rod and then adding slowly one another to
produce feed solution. The temperature of silicon oil column was heated to 120+2°C.
After that, this feed solution was dropped through 0.5 mm diameter nozzle into hot
silicon oil in glass column to make gel microsphere. The microspheres are collected

from the bottom side of column in a beaker.

Washing and drying

These collected microspheres first washed five times with carbon tetra chloride
(CCls) to remove silicon oil contamination, and then the microspheres washed ten
times with 5% ammonia solution to complete gelation and removing other
contaminations. After washing steps, the microspheres were dried in heat controlled
oven at 50°C and then the oven heated to 100°C in air with slow heating rate, the

kernels were during two days at this temperature.

Calcination and reduction

The dried ThO2-10%UO2+x and ThO2-5%UQO2+x microspheres were calcined around
700°C for five hours to remove residual chemicals.
The calcined microspheres were reduced in Ar+5% H> gas mixture at 650°C for 1.5

hours. During cooling period of reduction step at about 180°C reducing gas stopped
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and from this temperature to room temperature the furnace is cooled in CO;

atmosphere to passivation of the microspheres.
4.3 Preparation of Green Pellets

The reduced UO;, ThO>, ThO2-10%UO, and ThO»2-5%UO, microspheres were
extremely hard to pressed directly and so the kernels were grinded with automatic
mortar grinder to obtain soft powder. These ThO,, ThO2, ThO2-10%UQO> and ThO»-
5%UQO2 powders were pressed in a 6 mm diameter and around 4 mm in height by
compaction at nearly 567 MPa for UO, powder, 392 MPa for ThO; powder and 390
MPa for mix ThO2-10%UO; and ThO2-5%UQO; powders. The green densities of the

pellets have been calculated by geometrical method.

(b) (d
Figure 4.6 (a) UO2, (b) ThO2, (¢) ThO2-10%UOz, and (d) ThO2-5%UQO: pellets

4.4 Characterization

In order to evaluate the influence of the preparation method on several chemical
compositions of the powders as well as the sintered pellets, the microstructural
characterization of the powdered compounds was undertaken in terms of

thermogravimetry (TGA/DTA), specific surface area (BET) and crystallization state
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(XRD). In this study powders of the UO2, ThO2, ThO2-10%UO> and ThO2-5%UO:

were characterized by the following techniques:
4.4.1 Thermogravimetry

The TGA/DTA curves for UO;, ThO, ThO2-10%UO2 and ThO2-5%UO>
microspheres oxidation were carried out by TGA/DTA-Netzsch STA 449 C
simultaneous thermal analyzer up to 800°C at 10°C/min in an air atmosphere and
cooled down to room temperature when the desired temperature was reached. The

kernels were placed in platinum covered crucibles, an empty being the reference.

4.4.2 BET

Before sintering procedures, the specific surface area of the UO;, ThO,, ThO>-
10%UO; and ThO2-5%UQO; powders were measured using the BET method with
nitrogen as the adsorbate gas. N> adsorption and desorption isotherms were measured
by Quantachrome Autosorb System at different temperature. All samples were firstly

degassed in a vacuum at high temperatures.

The adsorption and desorption BET isotherms of the UO2, ThO2-10%UO; and ThO»-
5%UQO2 powders prepared by heating 150 °C and ThO> powder prepared by heating
300 °C.

4.4.3 XRD

The phase analysis was performed using X-ray diffractometry (Bruker AXS DS
Advance diffractometer). The crystallite sizes were evaluated by step scanning
diffraction X-ray profile employing a Siemens ceramic X-ray equipped with a CuKa
tube for diffractometry, operated at 40 kV and 40 mA. The crystallite size was
determined from the line broadening of XRD peaks; the full scan 26 range was from
20° to 80° and carried at low speed of 0.01°/min. The Philips software allows the
crystallite size determination through the comparison of profile lines broadening

related to a standard material. For this purpose, Scherrer’s relationship was utilized

[114].

FWHM of the each diffraction peaks of the UO,, ThO2, ThO»2-10%UQO> and ThO>-
5%UQO2 powders corrected for the contributions from the diffractometer were
measured and then according to Scherrer, it is possible to determine the average

grain size of spherical crystallites by measuring the FWHM of the diffraction peaks
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corrected for the contributions from the diffractometer. Particle (crystalline) size of
the powder was calculated from the Debye Scherrer formula. The wavelength of the

X-ray radiation, A (CuKy) is 0.15406 nm.
4.5 Sintering of the Green Pellets

The sintering behaviour of the UO>, ThO2, ThO2-10%UO2 and ThO2-5%UO: pellets
prepared by sol-gel method was studied by measuring the shrinkage in axial direction
using a push rod type dilatometer (Netzsch DIL 402 C). For the dilatometric studies,
the samples used were in the form of pellets of 6 mm diameter and around 4 mm

length.

The length change measurements were made by Linear Voltage Differential
Transformer (LVDT), which was maintained at a constant temperature by means of
water circulation from a constant temperature bath. The accuracy of the measuremet
of change in length was within £0.1 um. The temperature was measured using a
calibrated Pt/PtRh10% thermocouple which was placed closely above the sample. A
small force of 0.25 N was applied to the sample through the push rod. The
dilatometric experiments were carried out in reducing Ar+%>5 H» atmosphere with at
a heating rate of 5°C/min in isothermal condition. The shrinkage of the standart
sample was measured under identical condition in order to correct for the differences
in shrinkage between in the sample holder and the samle. The selection of the
temperature programme was made by computer via the data acquisition system. The
dilatometric data were obtained are in the form of curves of dimension against time

and temperature.

Time vs. dimensional shrinkage plots were obtained from dilatometric studies for all
the pellets. The data obtained were thus analyzed to find out the kinetics of sintering
and the activation energies of the UO>, ThO2, ThO;-10%UO> and ThO»-5%UO,
pellets.
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CHAPTER V

RESULTS and DISCUSSIONS

5.1 Investigation of TGA/DTA curve by Thermogravimetry

Oxygen to metal ratio (O/M) of the powders were calculated by thermogravimetric
analysis which technique was described in chapter III. The O/U ratio of the UO,,
ThOz, ThO2-10%UOz and ThO:-5%UO: powders are listed in Table 5.6.

5.1.1 TGA/DTA curve of the UO2+x

Figure 5.1 presents TGA/DTA curve of the UO2+x powder that was heated at a rate of
10°C/min in an air atmosphere and cooled down to room temperature when the

desired temperature was reached.

In this figure, the increasing curve (TG) designates the increase in the weight of the
sample due to oxygen uptake while the the blue ones is the differential increase in
weight. The decrease in weight seen shortly after the heating is started must be due to
the removal of moisture from powder. In Figure 5.1, the first step of air oxidation of
UOz+x at ~150°C shows U307 formation. In the second step reaction, there is a sharp
increase in oxygen content at about 410°C showing the more stable U3Og formation.
Considering the these oxidation steps, O/U ratio was determined by thermo

gravimetric method as 2.207.
5.1.2 TGA/DTA curve of the ThO2

Figure 5.2 presents TGA/DTA curve of the ThO2 powder that was heated to 800°C at
a rate of 10°C/min in an air atmosphere and cooled down to room temperature when

the desired temperature was reached.

In this figure, the decrease in weight seen shortly after the heating is started and then

keep on decreasing, which must be due to the removal of moisture from powder.
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ThO: is relatively inert and does not oxidize unlike UOz, which oxidizes easily to

U;0s. Therefore, there is no increase in weight as shown in Figure 5.2.
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Figure 5.1 TGA/DTA curves of UO2x
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Figure 5.2 TGA/DTA curves of ThO»

5.1.3 TGA/DTA curve of the (Th,U)O2+x

Figures 5.3 and 5.4 represent TGA/DTA curve of the ThO2-10%UO2+x and ThO:-
5%UQO2+x powders, respectively. These were heated to 800°C at a rate of 10°C/min in
an air atmosphere and cooled down to room temperature when the desired

temperature was reached.
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In these figures, the increasing curve designates the increase in the weight of the
sample due to oxygen uptake of uranium. ThO: is relatively inert and does not
oxidize unlike UO», which oxidizes easily to U3Os. In Figure 5.3 and Figure 5.4, the
formations U3Og by oxidation of UO2+x are about at 415°C for ThO2-10%UQO; and at
400°C for ThO2-5%UO2 powders. Considering these oxidation steps, O/U ratio were

determined by thermo gravimetric method as 2.167 and 2.254, respectively.
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Figure 5.3 TGA/DTA curves of ThO2-10%UO2x
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Figure 5.4 TGA/DTA curves of ThO2-5%UO2+
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5.2 Investigation of Specific Surface Area by BET Method

The BET plots of the UO2, ThOz, ThO2-10%UO; and ThO2-5%UO: powders using
points collected at the pressure range 0.05 to 0.3 are shown in Figure 5.5. C values

for all powders high from 5, it means strong interaction N> with powders surface.

Specific surface area for UO> and ThO, data are in agreement with these in the
literature powders present low surface area values [115]. The increase in the Th
metal ion concentration from the ThO2-10%UO; and ThO;-5%UQO; powders, specific

surface area of these powders increased from 2.5 m?/g to 3.07 m%/g. [115,116]

In Table 5.1 C, X, the total and specific surface area is listed for the UO,, ThO,,
ThO:-10%UO; and ThO2-5%UO: powders.

Table 5.1 Parameters used for the calculation of specific surface area of the powders

Powder composition

U0, ThO2-10%UO: ThO2-5%UO: ThO;

Sample Weight (g) 2.3059 1.501 1.5715 1.7501
Slope 241.5 745 861 484
Intercept 2.14 9.75 25.2 5.15

C 114.10 74.9 35.2 88.24
Xm 4.105x1073 1.324 x10°73 1.128 x10°3 2.044 x103
Total Surface Area (m?/g) 14.30 4.614 3.931 7.120
Specific Surface Area (m?%g) 6.2017 2.5016 3.0741 4.0683
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5.3 Investigation of Crystallite Size from XRD
5.3.1 Crystallite sizes of UO:2 powder

The XRD pattern of the UO2+x powder obtained from our experiment and similar
uraninite-UQO> particle calculated from ICSD using POWD-12++[117,118] are
compared in Figure 5.6. The pattern of the UO»+x compound particles from our
experiment and Uraninite-UO2 compaund particles correspond perfectly and
appeared to be much like a 26 angle. Crystal lattice and unit cell data source are face

centered cubic and single crystal.

The X-ray diffraction spectrum of the UO, powder was given in Figure 5.6. In this
XRD patern of the peaks at 20 = 28.324, 32.815, 47.11 and 55.869°, corresponding
to the lattice planes (111), (200), (220) and (311), respectively, of the face centred
cubic (fcc) structure of UO,, were present. The sizes of crystallites corresponding to

major diffracting plan are summarized in Table 5.2.
5.3.2 Crystallite sizes of ThO:2 powder

The XRD pattern of the ThO, powder obtained from our experiment and similar
thorianite-ThO, particle calculated from ICSD using POWD-12++ [117,118] are
compared in Figure 5.7. The pattern of the ThO, compound particles from our
experiment and Thorianite-ThO, compaund particles correspond perfectly and
appeared to be much like a 26 angle. Crystal lattice and unit cell data source are face

centered cubic and single crystal.

The X-ray diffraction spectrum of the ThO2 powder was given in Figure 5.7. In this
XRD patern of the peaks at 20 = 27.612, 31.976, 45.817, and 54.320°, corresponding
to the lattice planes (111), (200), (220) and (311), respectively, of the face centred
cubic (fce) structure of ThO,, were present. The sizes of crystallites corresponding to

major diffracting plan are summarized in Table 5.3.
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Table 5.2 Crystallite sizes of UO2 powder calculated from XRD

20 FWHM hkl d (A) B a* (A)  t¥* (A)

28.324 0.4 (111)  3,148395 0,006981 5.4532  202,55661
32.815 0.428 (200)  2,727044  0,00747  5.4541  191,34395
47.11 0.508 (220)  1,927537 0,008866 5.4519  168,7029
55.869 0.619 (311)  1,644317 0,010804 5.4536  143,65255

*a is lattice constant, **t is crystallite size.

Table 5.3 Crystallite sizes of ThO2 powder calculated from XRD

20 FWHM hkl d (A) B a* (A)  t¥* (A)

27.612 0.514 (111)  3,22794  0,008971  5.5909  157,38789
31.976 0.523 (200)  2,796657 0,009128 5.5933  156,25472
45.817 0.575 (220)  1,97888  0,010036 5.5971 14832517
54.320 0.594 (311)  1,68749  0,010367 5.5967  148,6467

*a is lattice constant, **t is crystallite size.

5.3.3 Crystallite sizes of (Th,U)Oz powders

The XRD patterns of the ThO2-10%UO; and ThO2-5%UQ; are shown in Figure 5.8
and Figure 5.9, respectively. The ThO2-10%UO> and ThO>-5%UO; powders are
compared with ThO> powder pattern in the same figure (Fig 5.10). The intensity was
plotted as a function of diffraction angle, 26.

Both ThO;-10%UO2 and ThO2-5%UO; powders show single phase of CaF: type
solid solution similar to the pure UO; and ThO: powders, indicating that solid
solutions were formed to extent. But it supposed that the solid solution is not yet
fully formed since the FWHM of the peaks is wider than that of pure UO> and ThO..
These appreciable broadening regions in the X-ray diffraction regions of the ThO>-
10%UO; and ThO2-5%UO> powder may in fact correspond to the actual size of the
particles.

The X-ray diffraction spectrum of the ThO2-10%UO, and ThO2-5%UO> powders
was given in Figure 5.8 and 5.9, respectively. In these XRD paterns corresponding to
the lattice planes (111), (200), (220) and (311), respectively, of the face centred cubic
(fcc) structure of ThO2-10%UO:2 and ThO:-5%UQO;, were present. The sizes of
crystallites corresponding to major diffracting plan are summarized in Table 5.4 for

ThO2-10%UQO; and in Table 5.5 for ThO,-5%UO:x.
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Table 5.4 Crystallite sizes of ThO2-10%UO: powder calculated from XRD

20 FWHM hkl d (A) B a* (A)  t¥* (A)

25.122 1.664 (111)  3,541953 0,029042  6.1348 4836937
30.071 1.064 (200) 2969345 0,01857  5.9386  76,45208
43.761 1.291 (220)  2,066965 0,022532  5.8462  65,57609
52.023 1.012 (311)  1,756464 0,017663  5.8255  86,37824

*a is lattice constant, **t is crystallite size.

Table 5.5 Crystallite sizes of ThO2-5%UO:2 powder calculated from XRD

20 FWHM hkl d (A) B a* (A)  t¥* (A)
27.62 2.318 (111) 3227023 0,040457  5.5894 34,9002
31.82 1.728 (200)  2,810011 0,030159  5.6200 47,2740

45.642 2.041 (220)  1,986059 0,035622  5.6174 41,7600
54.914 1.06 (311)  1,670633 00185  5.5409 83,5215

*a is lattice constant, **t is crystallite size.

The XRD patterns of the UO2, ThO2, ThO2-10%UO2 and ThO2-5%UO; powders are
shown in the same figure (Fig.5.11). The intensity was plotted as a function of
diffraction angle, 20. From the XRD patterns, increasing UO; percentage in MOX
powder removes the peak left side. Furthermore, there is appreciable broadening in
the X-ray diffraction regions of the ThO2-10%UO; and ThO:-5%UO. powder
differently from UO; and ThO.. These regions may in fact correspond to the actual

size of the particles and crystalline.
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The characteristics of UO2, ThO2, ThO»-10%UO> and ThO»-5%UQO, powders used in
this study is given in Table 5.6.

Table 5.6 Characterization of the UO,, ThO;, ThO»2-10%UQO; and ThO»-5%UQO;

powders
Property U0, ThO; ThO02-10% UO:2 ThO2-5% UO:
Theoretical density [g/cm®] 10.97 10 10.096 10.048
O/M ratio 2.207 2 2.167 2.254
Surface energy, y [erg/cm?| 600 1150 1095 1122.5
Specific surface area, S [m?%/g] 6.2017 4.0683 2.5016 3.0741
Crystallite size, a [A] 5.43 5.60 5.23 5.59
Particle radius, r[A] 2.13 2.19 2.32 2.19
Vacancy volume, Q [cm’] 4.04x1023  4.38x10% 5.23x10% 4.37x102
Metallic impurities, [ppm] <1000 <1000 <1000 <1000

5.4 Investigation of Sintering Kinetics and Activation Energy
5.4.1 Investigation for UO: pellets

The shrinkage behaviour of the UO> pellets in Ar+%5H> at 1300°C, 1200°C and
1100°C temperatures are shown in Figures 5.12. The dilatometric data is obtained

from the curves which dL/L, (L,: initial length) versus time and temperature.

Figure 5.13 shows the dL/L, versus temperature plot of UO> under different
isothermal steps in Ar+%S5H: atmosphere. The dL/L, values are plotted against
temperature, where L, is the initial length of the pellet in axial direction and dL is its
increment. The corresponding shrinkage rates d(dL/L,)/dt of the these pellets are
shown in Figure 5.14.

The onset temperature of shrinkage was determined from shrinkage curves by
extrapolating method (as the point at which it deviates from its horizontal path). It
can be seen from the Figure 5.13 that the onset of the shrinkage occurs at 990°C for
UQO:o. Figure 5.14 shows the shrinkage rate for UO; pellets. From the shrinkage rate
curves, it was observed that the maximum shrinkage rates for UO> pellets occur at

around 1100°C.
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Figure 5.12 Shrinkage curves of the UO; pellets in Ar+%5H: versus time and

temperature sintered at 1300°C, 1200°C and 1100°C
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Figure 5.14 Shrinkage rate d(dL/L,)/dt of UO; pellet in Ar+5%H; plotted against
temperature, where L, is the initial length
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The logY=log(dY/df) vs. logt curves of the UO, pellets at 1300°C, 1200°C and
1100°C temperatures are shown together in Figure 5.15. With the plotting log(dY/dt)
versus logt, a straight line (slope: n-7) was obtained for each isothemal temperature.
The value of n, for the UO, sintered pellets, was determined from the slope of the
line. n is a constant whose value depends on the sintering mechanism. The value of n
obtained for pellets sintered in Ar+5%H> is about 0.50. The mechanism for the initial

stage of sintering was considered to be volume diffusion [98].

After the determination of parameter n from the straigth line of the logY-logt curves,
the diffusion coefficient D is going to be calculated by using parameter n and
Arrhenius constant, K(7). Arrhenius constant is calculated from the intercept with
logY versus. Finally, the activation energies for sintering pellets are going to be

calculated from the slope of the variation of logD versus /7.
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Figure 5.15 Diffusion mechanism of UO; in reducing Ar-%5H> atmosphere

The diffusion coefficients are calculated from the intercepts in Figure 5.15 using Egs.
(2.8) and (2.9) in chapter II. The values of parameters of UO, powder used for this
calculation are given in Table 5.6. The InD versus 1/T plots for UO2 pellets in
Ar+5%H; atmosphere are given in Figure 5.16. The slope of this curve will be O/R

from which the activation energy Q can be calculated.
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Figure 5.16 The Arrhenius plot InD versus 1/7 for UO> pellet sintered in Ar+%5H>

Finally, the activation energies for sintering pellets are going to be calculated from
the slope of the variation of InD versus //T. The activation energy of sintering for
UO; determined from dilatometric experiments was found to be 215.140 kj/mol in

Ar+%5Ho;.

5.4.2 Investigation for ThO: pellets

The shrinkage behaviour of the ThO> pellets in Ar+%5H> at 1300°C, 1200°C,
1100°C and 1000°C temperatures are shown in Figures 5.17(a) and 5.17(b). The
dilatometric data is obtained from the curves which dL/L, (L,: initial length) versus

time and temperature.

Figure 5.18 shows the dL/L, versus temperature plot of ThO: under different
isothermal steps in Ar+%5H; atmosphere. The dL/L, values are plotted against
temperature, where L, is the initial length of the pellet in axial direction and dL is its
increment. The corresponding shrinkage rates d(dL/L,)/dt of the these pellets are
shown in Figure 5.19.
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Figure 5.17(a) Shrinkage curves of the ThO> pellets in Ar+%5H> versus time and
temperature sintered at 1300°C and 1200°C
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Figure 5.17(b) Shrinkage curves of the ThO> pellets in Ar+%5H; versus time and



The onset temperature of shrinkage was determined from shrinkage curves by
extrapolating method (as the point at which it deviates from its horizontal path). It
can be seen from the Figure 5.18 that the onset of the shrinkage occurs at 800°C for
ThOa». Figure 5.19 shows the shrinkage rate for ThO> pellets. From the shrinkage rate
curves, it was observed that the maximum shrinkage rates for ThO: pellets occur at

around 1160°C.
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Figure 5.18 Shrinkage curves for ThO; pellets in Ar+%5H> versus temperature

The logY=log(dY/df) vs. logt curves of the ThO> pellets at 1300°C, 1200°C, 1100°C
and 1000°C temperatures are shown together in Figure 5.20. With the plotting
log(dY/dt) versus logt, a straight line (slope: n-1) was obtained for each isothemal
temperature. The value of n, for the ThO; sintered pellets, was determined from the
slope of the line. n is a constant whose value depends on the sintering mechanism.
The value of n obtained for pellets sintered in Ar+5%H; is about 0.58. The
mechanism for the initial stage of sintering was considered to be volume diffusion

[98].

72



0,0002 -

N

m

[y

(\e]
1

-0,0002 -

-0,0004 -

Shrinnkage rate, min-!

-0,0006 -

-0,0008 T T T T T T
0 200 400 600 800 1000 1200 1400

Temperature, °C

Figure 5.19 Shrinkage rate d(dL/L,)/dt of ThO> pellet in Ar+5%H> plotted against
temperature, where L, is the initial length.

After the determination of parameter n from the straigth line of the logY-logt curves,
the diffusion coefficient D is going to be calculated by using parameter n and
Arrhenius constant, K(7). Arrhenius constant is calculated from the intercept with
logY versus. Finally, the activation energies for sintering pellets are going to be

calculated from the slope of the variation of logD versus //T.
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Figure 5.20 Diffusion mechanism of ThO; in reducing Ar-%5H; atmosphere.
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The diffusion coefficients are calculated from the intercepts in Figure 5.20 using Eqs.
(2.8) and (2.9). The values of parameters of ThO> powder used for this calculation
are given in Table 5.6. The InD versus 1/T plots for ThO. pellets in Ar+5%H:
atmosphere are given in Figure 5.21. The slope of this curve will be O/R from which

the activation energy Q can be calculated.
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Figure 5.21 The Arrhenius plot InD versus 1/7 for ThO; pellet sintered in Ar+%5H>.

Finally, the activation energies for sintering pellets are going to be calculated from
the slope of the variation of InD versus //T. The activation energy of sintering for
ThO; determined from dilatometric experiments was found to be 175.105 kj/mol for

Ar+%5H;.

5.4.3 Investigation for ThO2-10%UQO2 pellets

The shrinkage behaviour of the ThO,-10%UQO, pellets in Ar+%5H, at 1200°C,
1100°C and 1000°C temperatures are shown in Figure 5.22. The dilatometric data is
obtained from the curves which dL/L, (L, initial length) versus time and

temperature.

Figure 5.23 shows the dL/L, versus temperature plot of ThO,-10%UO, under
different isothermal steps in Ar+%5H, atmosphere. The dL/L, values are plotted
against temperature, where L, is the initial length of the pellet in axial direction and
dL is its increment. The corresponding shrinkage rates d(dL/L,)/dt of the these pellets

are shown in Figure 5.24.
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Figure 5.22 Shrinkage curves of the ThO,-10%UO, pellets in Ar+%5H> versus

time and temperature sintered at 1200°C, 1100°C and 1000°C
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The onset temperature of shrinkage was determined from shrinkage curves by
extrapolating method (as the point at which it deviates from its horizontal path). It
can be seen from the Figure 5.23 that the onset of the shrinkage occurs at 735°C for
ThO,-10%UQO,;. Figure 5.24 shows the shrinkage rate for ThO,-10%UQO, pellets.
From the shrinkage rate curves, it was observed that the maximum shrinkage rates

for ThO,-10%UO, pellets occur at around 840°C.
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Figure 5.23 Shrinkage curves for ThO,-10%UO, pellets in Ar+%5H> versus
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Figure 5.24 Shrinkage rate d(dL/L,)/dt of ThO,-10%UQO; pellet in Ar+5%H> plotted
against temperature, where L, is the initial length.



The logY=log(dY/dt) vs. logt curves of the ThO,-10%UO, pellets at 1200°C, 1100°C
and 1000°C temperatures are shown together in Figure 5.25. With the plotting
log(dY/dt) versus logt, a straight line (slope: n-1) was obtained for each isothemal
temperature. The value of n, for the ThO,-10%UO; sintered pellets, was determined
from the slope of the line. n is a constant whose value depends on the sintering
mechanism. The value of n obtained for pellets sintered in Ar+5%H> is about 0.53.

The mechanism for the initial stage of sintering was considered to be volume

diffusion [98].

After the determination of parameter n from the straigth line of the logY-logt curves,
the diffusion coefficient D is going to be calculated by using parameter n and
Arrhenius constant, K(7). Arrhenius constant is calculated from the intercept with
logY versus. Finally, the activation energies for sintering pellets are going to be

calculated from the slope of the variation of logD versus /7.

log Y
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] ©1200°C  y=-0,5538x - 3,9271
#1100°C  y=-0,3985x - 4,1864
s A1000°C Y =-0,4506x - 4,477
-5,0
A
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1 1,5 2 2,5 3 3,5

logt

Figure 5.25 Diffusion mechanism of ThO,-10%UO; in reducing Ar-%5H>
atmosphere.

The diffusion coefficients are calculated from the intercepts in Figure 5.25 using Eqs.
(2.8) and (2.9) in chapter II. The values of parameters of ThO,-10%UO, powder
used for this calculation are given in Table 5.6. The InD versus 1/T plots for ThO;-
10%UO; pellets in Ar+5%H;> atmosphere are given in Figure 5.26. The slope of this

curve will be O/R from which the activation energy Q can be calculated.
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Figure 5.26 The Arrhenius plot InD versus 1/7 for ThO,-10%UO, pellet sintered in
Ar+%5Ho.

Finally, the activation energies for sintering pellets are going to be calculated from

the slope of the variation of InD versus //T. The activation energy of sintering for

ThO,-10%UOQO,; determined from dilatometric experiments was found to be 198.961

kj/mol for Ar+%5Ho.

5.4.4 Investigation for ThO,-5%UQO; pellets

The shrinkage behaviour of the ThO,-5%UO, pellets in Ar+%5H, at 1200°C,
1100°C and 1000°C temperatures are shown in Figure 5.27. The dilatometric data is
obtained from the curves which dL/L, (Lo,: initial length) versus time and

temperature.

Figure 5.28 shows the dL/L, versus temperature plot of ThO,-5%UO, under
different isothermal steps in Ar+%5H, atmosphere. The dL/L, values are plotted
against temperature, where L, is the initial length of the pellet in axial direction and
dL is its increment. The corresponding shrinkage rates d(dL/L,)/dt of the these pellets

are shown in Figure 5.29.
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Figure 5.27 Shrinkage curves of the ThO,-5%UQO; pellets in Ar+%5H> versus time
and temperature sintered at 1200°C, 1100°C and 1000°C
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The onset temperature of shrinkage was determined from shrinkage curves by
extrapolating method (as the point at which it deviates from its horizontal path). It
can be seen from the Figure 5.28 that the onset of the shrinkage occurs at 707°C for
ThO,-5%UQO,. Figure 5.29 shows the shrinkage rate for ThO,-5%UOQO, pellets. From
the shrinkage rate curves, it was observed that the maximum shrinkage rates for

ThO;,-5%UO, pellets occur at around 800°C.
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Figure 5.28 Shrinkage curves for ThO,-5%UQ; pellets in Ar+%5H: versus
temperature
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Figure 5.29 Shrinkage rate d(dL/L,)/dt of ThO,-5%UQ; pellet in Ar+5%H> plotted
against temperature, where L, is the initial length
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The logY=log(dY/dt) vs. logt curves of the ThO,-5%UO, pellets at 1200°C, 1100°C
and 1000°C temperatures are shown together in Figure 5.30. With the plotting
log(dY/dt) versus logt, a straight line (slope: n-1) was obtained for each isothemal
temperature. The value of n, for the ThO,-5%UQO, sintered pellets, was determined
from the slope of the line. n is a constant whose value depends on the sintering
mechanism. The value of n obtained for pellets sintered in Ar+5% Ha is about 0.45.
The mechanism for the initial stage of sintering was considered to be volume

diffusion [98].

After the determination of parameter n from the straigth line of the logY-logt curves,
the diffusion coefficient D is going to be calculated by using parameter n and
Arrhenius constant, K(7). Arrhenius constant is calculated from the intercept with
logY versus. Finally, the activation energies for sintering pellets are going to be

calculated from the slope of the variation of logD versus /7.

log Y
-4,5
] A 1200°C y =-0,5572x - 3,8606
¢ 1100°C y =-0,5783x - 3,9878
] ® 1000°C y =-0,5951x - 4,0937
5,0 -
-5,5
46,0
1 1,5 2 25 3 35

logt

Figure 5.30 Diffusion mechanism of ThO,-5%UOQO; in reducing Ar-%5H>
atmosphere.

The diffusion coefficients are calculated from the intercepts in Figure 5.30 using Egs.
(2.8) and (2.9) in chapter II. The values of parameters of ThO,-5%UQO, powder used
for this calculation are given in Table 5.6. The InD versus 1/7 plots for ThO,-5%UO,
pellets in Ar+5%H> atmosphere are given in Figure 5.31. The slope of this curve will

be O/R from which the activation energy Q can be calculated.
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Figure 5.31 The Arrhenius plot InD versus 1/7 for ThO,-5%UQO; pellet sintered in
Ar+%5H>
Finally, the activation energies for sintering pellets are going to be calculated from
the slope of the variation of InD versus //7. The activation energy of sintering for

ThO2-5%UQO2 determined from dilatometric experiments was found to be 111.056
kj/mol for Ar+%5Ho.

Figure 5.32 and 5.33 show the typical shrinkage behaviour of pure urania and thoria,
and two different compositions of urania-thoria pellets in the same figure as a
function of temperature in reducing Ar+%S5H> atmosphere under constant heating

rate of 5°C/min.

The onset temperature of sintering was determined from the dilatometric curve as the
point at which it deviated from its horizantal path. The onset of sintering was found
marginally shift to lower temperature on decreasing the UO; content (Figure 5.32).
This occurs at temperatures 735 and 707°C, for compositions ThO2-10%UO; and
ThO2-5%UO2, respectively. The onset of sintering for pure ThO> occurs at 800°C
which is higher than the urania-thoria pellets, but pure UO2 is much higher occurs at

990°C.
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Figure 5.32 Shrinkage behaviour on heating in Ar+%5H> Atmosphere. Curves of
UO,, ThO2, ThO2-10%UO; and ThO2-5%UQO; are shown.

The temperature, at which the maximum shrinkage rate occurs for a particular
composition, was observed to shift lower temperatures with decrease in UO> content
as shown in Figure 5.33. This occurs at temperatures 840 and 800°C, for
compositions ThO2-10%UO; and ThO2-5%UQO>, respectively. The maximum
shrinkage rates for pure UO> and ThO> are higher than the urania-thoria pellets occur
at 1100 and 1160°C, respectively. Moreover, the maximum pellet shrinkage at a

particular temperature is found for pure UO; while the minimum for pure ThO».
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Figure 5.33 Shrinkage rate for UO2, ThO;, ThO2-10%UO2 and ThO2-5%UO: pellets
heated in Ar+%5H> Atmosphere plotted against temperature.
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The Table 5.7 shows the diffusion parameters (4, n and p), the diffusion coefficients
and activation energy values of the sintered UO2, ThO2, and ThO2-10%UO2 and
ThO2-5%UQO2 pellets. 4, n and p are the constants whose values depend on the
sintering mechanism. The constants, 4 and p were obtained from the PhD. Thesis

(1979) of M.M. El-Sayed Ali [98]

Table 5.7 The diffusion mechanism characteristics (4, n and p), diffusion coefficiens
and activation energy values of the sintered UO2, ThO2, ThO2-10%UO; and ThO,-
5%UO; pellets.

T(°C) A* n p* K(T) D(cm*s)  Q(kJ/mol)
1306 5.742x107  2.49x10%

U0: 1206 2 0.50 3 1.874x107  7.61x102* 215.14
1106 6.063x10%  2.30x102
1308 8.905x10°  2.02x1022
1208 6.093x10° 1.29x1022

ThO: 2 0.58 3 175.105
1108 1.529x106  3.03x10°%3
1008 5.538x107 1.02x10%
1208 1.371 107 3.06x10*

Th02-10%U02 1108 2 0.53 3 4.468x10°8 9.29x10% 198.961

1008 1.271 x10°8 2.45x10°%

1208 5.732x107 7.93x10°%6
ThO2-5%UO0O: 1108 31/m2 0.44 3 2.870x10 3.70 x10°¢ 111.056

1008 1.613x10° 1.93x10%6

*4 and p obtained from PhD. Thesis of M.M. El-Sayed Ali (1979) [98]

The activation energies of UO2, ThO2, ThO2-10%UQO> and ThO:-5%UO; for the
initial stages of sintering obtained in this study using dilatometry have shown that the
mechanism for the initial stage of sintering for all the pellet groups were considered
to be volume diffusion. Our results are contrary to the results reported [70,119]
where the authors had reported that the grain boundary diffusion is the rate
controlling mechanism in reducing atmosphere ThO2-UO; pellets. Aybers has carried
out RCS (Rate Controlled Sintering) technique on UO», (U,Th)O,, (U,Pu)O2 [71,72]
and reported that the mechanism changes with atmosphere used for sintering. He has

proposed that the mechanisms during initial stage of sintering are volume and grain

84



boundary diffusion in reducing and oxidising atmospheres, respectively. El-Sayed
Ali and Sorensen [120,121] have found n=0.32 in CO> atmosphere for (U,Pu)O, and
n=0.45 in reducing atmosphere. Our results agree with this observation in reducing

atmospheres.

5.5 XRD Analysis of ThO2, ThO2-10%UO: and ThO2-5%UO: Pellets After
Sintering in Ar+%S5H2 Atmosphere

Figure 5.34 shows the XRD patterns of the ThO: pellets sintered in Ar+%5H>
atmosphere at 1300°C, 1200°C, 1100°C and 1000°C temperatures. X-ray diffraction
(XRD) pattern of ThO; pellets showed only single phase. Additionally, XRD patterns
of the MOX pellets are shown in Figure 5.35 for ThO2-10%UO; and shown in Figure
5.36 for ThO2-5%UQ:.

As seen in these figures, the sintered at higher temperature pellets shows the higher
intensity and narrower peaks than the sintered at lower temperature. XRD pattern of
the pellets with different sintering temperature showed more sharp and intense peak
for the pellets sintering at higher temperature, which might indicate the larger grain

size of pellets as well as higher crystallinity and the better homogeneity in the pellets.
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Figure 5.34 XRD patterns of the ThO; pellets sintered in Ar+%5H> atmosphere at
1300°C, 1200°C, 1100°C and 1000°C for 16 h
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Figure 5.36 XRD patterns of the ThO2-5%UOxz pellets sintered in Ar+%5H>

atmosphere at 1300°C, 1200°C, 1100°C and 1000°C for 16 h
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Figure 5.37 shows the XRD patterns of the ThO,, ThO>, ThO2-10%UO, and ThO>-
5%UQO:> pellets sintered in Ar+%5H; atmosphere at 1300°C for 16h. It was found that
the X-ray peaks of the MOX pellets are stronger, but broader than the ThO; pellets.
Furthermore, the increase of the line width broadening of the MOX pellets and the
shifting to higher angles of diffraction peaks are attributed to microcrystallinity and

local disorder.
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7
2-Theta - Scale

Figure 5.37 XRD patterns of the ThO2, ThO:-10%UO; and ThO2-5%UO; pellets
sintered in Ar+%35H> atmosphere at 1300°C for 16 h.
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CHAPTER VI
CONCLUSION

This thesis was focused on the developing an alternative method to produce thorium,
uranium and mixed thorium-uranium dioxide fuel pellets which are prepared by
internal gelation technique of sol-gel process. The sol-gel process which is among
the methods used for the production of UO>, ThO> and ThO>-UO> mixed oxide fuel
pellets allows a high degree of micro-homogeneity of uranium and thorium in the

solution stage.

This thesis further aims was to investigate shrinkage behavior and first-stage
sintering kinetics of pellets compacted in the Ar-%5H; atmosphere by using
dilatometer. Various methods have been used to study the determination of sintering
mechanism. Among these, dilatometric studies of isothermal shrinkage for powder
compacts have been particularly useful they allow one continuously to follow
dimensional variation in the same sample. Shrinkage curves of the UO,, ThO,,
ThO2-10%UO; and ThO2-5%UO: pellets obtained from the dilatometer were used to
determine the sintering mechanism, the diffusion coefficients and the activation

energy.

In order to evaluate the influence of the preparation method on several chemical
compositions of the powders as well as the sintered pellets, the microstructural
characterization of the powdered compounds was undertaken in terms of
thermogravimetry (TGA/DTA), specific surface area (BET) and crystallization state
(XRD). Findings show that the (Th,U)O> powders have a higher O/U ratio, smaller

specific surface area and have single phases.

The O/U ratios of the UO2, ThO2, ThO2-10%UO; and ThO»-5%UQO; powders were
measured by thermogravimetrically. The higher O/U ratio obtained from TGA/DTA

curves indicates the presence of higher concentration of oxygen interstitials.
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Specific surface area for UO> and ThO; data are in agreement with these in the
literature powders present low surface area values [115]. The increase in the Th
metal ion concentration from the ThO2-10%UO; and ThO;-5%UQO; powders, specific

surface area of these powders increased from 2.5 m?/g to 3.07 m%/g. [115,116]

After calcination and reduction steps, the UO>, ThO2, ThO2-10%UO> and ThO>-
5%UQO> microspheres were found extremely hard to pressed directly. The applied
pressure was not enough for the microspheres with this hardness to merge them into
one another. Use of higher pressure resulted in lamination/end chipping of the
pellets. Accordingly, the microspheres were grinded with automatic mortar grinder to
obtain soft powder. Furthermore, the lower specific surface area of the powders is

related with hardness of the microspheres.

The [NO3'])/[M] ratio of solution is an important parameter for obtaining good quality
microspheres capable of maintaining their integrity during driying. Also, the feed
composition range for obtaining good quality gel is very narrow with regards to [M],
[HMTA-Urea] and [NO3]/[M] ratio. Because of that, the hard microspheres could

have obtained during gelation into hot silicon oil in glass column.

The XRD data of the UO2, ThO2, ThO2-10%UQO; and ThO2-5%UO, powders show
that all the powders are of single phased. The XRD peaks are found to be indicating
that the material crystalline. The lattice parameters were calculated and found to be
5.453, 5.595, 5.936 and 5.592 A for UO2, ThO2, ThO2-10%UO; and ThO2-5%UO>
powders, respectively. This indicated that the deviation in lattice parameter from

ideal value may be due to solubility of oxygen in the crystal lattice.

Both ThO:-10%UO2 and ThO2-5%UO, powders show single phase of CaF. type
solid solution similar to the pure UO; and ThO> powders, indicating that solid
solutions were formed to extent. But it supposed that the solid solution is not yet
fully formed since the FWHM of the peaks is wider than that of pure UO; and ThOx.
These appreciable broadening regions in the X-ray diffraction regions of the ThO»-
10%UO; and ThO2-5%UOQO2 powder may in fact correspond to the actual size of the

particles.

The XRD pattern of the ThO2, ThO2-10%UO; and ThO2-5%UO- pellets sintered at

higher temperature shows the higher intensity and narrower peaks than the sintered at
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lower temperature, which might indicate the larger grain size of pellets as well as

higher crystallinity and the better homogeneity in the pellets.

It was found that the X-ray peaks of the mix oxide pellets (ThO2-10%UO; and ThO»-
5%UQOz») sintered in Ar+%35H: atmosphere at 1300°C are stronger, but broader than
that of the ThO; pellets. Furthermore, the increase of the line width broadening of the
mix oxide pellets and the shifting to higher angles of diffraction peaks are attributed

to micro-crystallinity and local disorder.

The sintering mechanism is considered as consisting of three stages. The most
important is the first stage. Because, during this stage solid particles in contact are
bonded together and the aggregate shrinks resulting in a decrease of surface area and
energy. A method of isolating the initial stage of the process is to employ small
spheres of the same diameter touching each other. The neck formation, the neck

growth and shrinkage take place by the material transport.

In this study, dilatometric curves were used to determine the sintering mechanism,
the diffusion coefficients and the activation energy. The shrinkage behaviour of the
UOz, ThOz, ThO2-10%UO2 and ThO2-5%UO; pellets were investigated in Ar+%5H>.
Heating rate of 5°C/min was used until the isothermal temperature reached and pellet
still remained this temperature for 16h in isothermal condition. Sintering in reducing
atmosphere resulted in good microstructure with excellent homogeneity. The
dilatometric data was obtained from the curves which dL/Ly versus time and

temperature.

It is very difficult to determine the origin of the curve because the sample will not
reach the isothermal temperature immediately. After making the time and shrinkage

corrections, dY/dt is calculated from the dilatometric data.

The onset temperature of sintering was determined from the dilatometric curve as the
point at which it deviated from its horizantal path. The onset of sintering was found
marginally shift to lower temperature on decreasing the UO: content for
compositions ThO2-10%UO; and ThO,-5%UO;. This occurs at temperatures 735 and
707°C, respectively. This also coincides with the surface area results. Namely, the
larger specific surface area gives the smaller onset temperature of sintering. The
onset of sintering for pure ThO, occurs at 800°C which is higher than the urania-

thoria pellets, but pure UO; is much higher occurs at 990°C.
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The temperature, at which the maximum shrinkage rate occurs for a particular
composition, was observed to shift lower temperatures with decrease in UO> content
for compositions ThO2-10%UO:2 and ThO2-5%UQx>. This occurs at temperatures 840
and 800°C, respectively. The maximum shrinkage rates for pure UO> and ThO; are
higher than the urania-thoria mix oxide pellets pellets occur at 1100 and 1160°C,
respectively. Moreover, the maximum pellet shrinkage at a particular temperature is

found for pure UO> while the minimum for pure ThO..

With the plotting log(dY/dt) versus logt, a straight line was obtained for each
isothemal temperature. The values of n, for the UO>, ThO,, ThO>-10%UO; and
ThO:-5%UQO: sintered pellets, were determined from the slope of the line. The values
of n obtained for these pellets sintered in Ar+5% Ho is about 0.5, 0.58, 0.53 and 0.45,
respectively. The mechanism for the initial stage of sintering for all the pellet groups

were considered to be volume diffusion.

After the determination of parameter n, the diffusion coefficient D is calculated by
using parameter n and Arrhenius constant, K(7). Finally, the activation energies of
first-stage sintering for UO2, ThO2, ThO2-10%UO; and ThO2-5%UQ:; pellets were
calculated from the slope of the variation of logD versus //T and found to be

215.140, 175.105, 198.961 and 111.056 kj/mol, respectively.

Experimantal results for two different compositions of urania-thoria pellets brings out
that the value of activation energy determined increases considerably with increasing
urania content. It is observed that the value of activation energy decreases drastically
from pure ThO; with the small addition (5%) of UO,. However, increasing the
amount of uranium in the composition (%10 UQOy), the value of activation energy is

higher than that of pure ThO,.

For nuclear fuel ceramics , it is reported that the diffusion rate is slow under reducing
atmosphere and fast under oxidizing atmosphere. Since diffusion is largely

dependent on oxygen potential of the sintering atmosphere.

It is known that uranium dioxide and thorium dioxide form a continuous series of
solid solutions maintaining their inherent face centered cubic of calcium fluorite
(CaF) type structure [122]. Statistical substitution of Th*" cations by U*" in the cubic
face-centered lattice of thoria is feasible at all contents when substituted uranium

remains quadrivalent. Stoichiometry plays a important role in the diffusion of slower
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moving cation in the matrix during sintering. Since UO; is always hyper-
stoichiometric, its presence in the solution results in defect structure in terms of
oxygen interstitial. On the other hand, ThO> is always stoichiometric and difficult to
sinter due to the absence of any defects in the crystal lattice. When UO; is added to
ThOg, it renders a defect structure which might lead to nonstoichiometric solid
solutions of general formula Th;xUxO2+y. This is helpful to sintering in terms of
enhancing the diffusion of rate controlling cations in the lattice. This might lead to
lower value of activation energy than pure ThO, making environment more favorable

for densification.

On the other hand, shrinkage curve of ThO>—-10%UO: pellet shows the lower
shrinkage compared to the other composition. This result is rather unexpected since
ThO2—-10%UO; contains a larger amount of UO;, and therefore should contain higher
concentration of oxygen interstitials leading to higher shrinkage. Recently Schram
[123] has measured the oxygen potential of (Thi-xUx)O2+y solid solution. Author has
shown that the oxygen potential of (ThixUx)O2+y solid solution decreases with
increase in uranium concentration (x) although it increases with the oxygen excess
(). Since ThO2—10%UO; pellet has a lower oxygen potential than ThO; and ThO»-

5%UQ,, it may be a factor for its lower shrinkage behavior.

Because the activation energies obtained from the first-stage sintering kinetics of
isothermal shrinkage found to be lower in reducing atmosphere, the internal gelation
technique of the sol-gel process has emerged as a suitable alternative to the
conventional powder oxide pelletization route for the fabrication of (Th,U)O, mix

oxide fuel.
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