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Abstract

The paper presents the results of NSC KIPT researches on manufacturing the fuel microspheres and
pellets based on uranium dioxide. The data on fuel characteristics for different manufacturing stages are given.
The problems of improving the fuel quality with changing the structure characteristics of pellets are considered.
Demonstrated is the hardware for pellet controlling and presented are the new ways for developing the methods
of controlling the nuclear fuel: X-ray fluorescent analysis; complex of nuclear-physical methods on the base of
accelerators; laser-excitation energy-mass-spectrometer.

1. INTRODUCTION

Fuel elements are the most important and the most stressed structures of the core in a
nuclear power reactor of current designs. The cost of electric energy production at NPPs is
determined by achievement of improved characteristics of burning, duration of campaign and
reliability of fuel element operation with minimum expenditures for nuclear fuel production.

Over a long period of time NSC KIPT develops the nuclear fuel materials for heavy-water,
fast and high-temperature reactors. After the former USSR collapse Ukraine has adopted the
Program of creating the own nuclear fuel cycle including production of nuclear fuel elements for
the water-water reactor of WWER-1000 type.

It is commonly known that the operating characteristics of fuel elements depend on the
following parameters of the pellet-like fuel provided by the production technology: density,
moisture content,grain size, pore size and pore distribution in bulk, chemical composition,
mechanical strength, radiation stability, geometric dimensions of fuel pellets. To determine these
parameters one uses the commercial control devices.

2. MANUFACTURING OF PELLETS

Using the experience accumulated in production of fuel elements for heavy-water, fast and
high-temperature reactors the researchers of NSC KIPT promoted the work on developing the fuel
components for the WWER-1000 reactor. These research works are limited because of the
financing deficit. However, over a short period of time we developed the techniques for
manufacturing the fuel pellets from UO2, components from zirconium alloy and fuel assemblies,
developed the original methods to control the composition of materials utilized in the nuclear fuel
cycle.

Besides the development of a basic process for manufacturing the fuel pellets from UO2 we
studied the processes of UO2 pellet production from microspheres with a burnable absorber based
on gadolinium using the pore-forming materials (polyethylene, black and uranous-uranic oxide) ,
without a complexing agent from preliminary milled powder, with complexing methyl cellulose
and polyethylene glycol.

Pellets from microspheres of uranium dioxide. At NSC KIPT for manufacturing
microspheres of uranium dioxide one use the technique of microsphere formation from
thermoplastic masses that allows to obtain microspheres with a wide range of sizes. In the present
work we used one of a variety of above techique, i.e. the method of mechanical spheroidizing which
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consists in the mechanical milling the measured billets from plasticized powder mass of high-
melting actinide compounds. The existing technology of manufacturing the fuel microspheres for
purposes of creation of microspheric fuel for HTGR includes the following basic operations (on the
example of uranium dioxide): mixing the powder of high-melting actinide compound in required
condition, with a complexing agent based on paraffine at 70-80 °C followed by cooling to room
temperature for production of the plasticized mass; cutting the mass into measured billets of a
cylindrical form (obtaining the granulate); spheroidizing the measured billets; controlling the
"green" microspheres; heat treatment of microspheres by two steps (vacuum sublimation of
plastificator at ~ 300 °C and final sintering of microspheres in vacuum or inert atmosphere at 1450-
2000 °C). The quality control of produced fuel particles is performed by the form and size on
special separators.

According to a set of requirements providing the necessary density values of "green" fuel
pellets we chose as optimum: microspheres with a granulometric content of 200-630 um, moulding
pressure 4.0 t/cm2.

We studied the conditions of high-temperature sintering of uranium dioxide pellets
manufactured from microspheres in the temperature range from 1600 to 1800 °C (sintering time
was 60 min) and in different steady operating atmospheres (hydrogen-argon, hydrogen-nitrogen
and vacuum). In the case of pellet sintering in vacuum the pores took place along the grain
boundaries and in the case of sintering in hydrogenous atmosphere the porosity was formed in the
grain interior. The pore sizes at sintering in hydrogeneous atmosphere were less than in vacuum. We
chose the sintering in hydrogen-nitrogen atmosphere at T=1800 °C and the process duration at
this temperature was 60 min. The pellets were placed in bulk in molibdenum cylinders . The main
characteristics of a pilot lot of pellets manufactured from microspheres are given in Table 1.

TABLE 1 SOME CHARACTERISTICS OF UO2 PELLETS MOULDED FROM
MICROSPHERES

Parameter

«5U content, %
Diameter, mm
Height, mm
Density, g/cm3

Oxygen coefficient
Mean grain size, jim

Parameter value
"Green" pellets

2,4
8,9 ±0,01

6,05±0,05
2,05±0,05

Sintered pellets
2,4
7,57
!0±l

10,59±0,02
2,01
4-8

Pellets with burnable absorber. To suppress the initial excess reactivity we introduced in the
bulk of the fuel or deposited on the lateral surface of pellets the burnable absorber. The burnable
absorber Gd2O3 was introduced into the bulk of fuel pellets.

The manufacturing of pellets with burnable absorber consisted in the folllowing. The
powders of uranium dioxide (crystallite sizes of 10-15 urn) and gadolinium oxide (crystalline sizes
of 5-8 (am) sieved through the 005 sieve and taken in a required quantity were mixed by 100 g
portions in cups of the planetary centrifugal mill. The prepared portions of mixtures were charged
into the mill reservoir for blending. After the mixing operation we performed the control of
gadolinium content and uniformity of its distribution in the bulk of mixture obtained. The
prepared mixture was also controlled by the in-bulk mass without shaking.

The mixing of the prepared powder mixture of uranium and gadolinium oxides with the
complexing agent (7.5 wt %) was performed in the universal Z-bladed mixer during 2 hours. The 10
% aqueous solution of polyvinyl alcohol + 1 % glycerine was used as a complexing agent. In the
same mixer the mixture was dried at 80 °C during one hour.
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Then the prepared mixture was conveyed for the compaction operation where it was first
subjected to threefold pressing (compaction) on the hydraulic press at a specific pressure of 3
t/cm2 in the steel press mould and to sieving through the 0.630 sieve.

Pressing of pellets with the burnable absorber was performed on the hydraulic press using
the steel moulding-tool at a specific pressure of 2.5 t/cm2. The height of pressed pellets was 11.5-
14.5 mm and the density of 5.7-6.2 g/cm3.

Prepared semi-finished pellets satisfying the control values of parameters of density,
geometric dimensions and appearance went to the sintering operation in hydrogen-nitrogen
atmosphere.

Some characteristics of prepared semi-finished pellets with burnable absorber are given in
Table 2.

TABLE 2 CONDITIONS OF MANUFACTURING AND CHARACTERICS OF UO2
PELLETS WITH BURNABLE ABSORBER

Parameter Parameter value

235U content, % 2.4
GchCb absorber content, wt % 8.0
Complexing agent content, wt % 7.5
Time of mixing the moulding-mix, min 120
Time of drying the moulding-mix, min 60
Compaction pressure, t/cm2 3.0
In-bulk weight, g/cm3 2.6±0.1
Granulometric composition, urn 50-630
Moulding pressure, t/cm2 2,5
Density of semi-finished pellets, g/cm3 5,9-6.1
Sintering temperature, °C 1700
Diameter of pellets, mm 7.57
Height of pellets, mm 10± 1
Density of pellets, g/cm3 10.45
Oxygen coefficient 2.05
Main grain size, um 8-20

2. METHODS OF ELEMENT CONTROL OF FUEL MATERIALS

For development and production of the fuel and other materials utilized in the nuclear fuel
cycle the problems of product certification, improvement of product quality and necessary process
monitoring are currently urgent. Without regard the methods of controlling such parameters as a
level, density, material consumption, granulometric composition of powders, presence of cracks
and pores etc., let us consider the analytic control of fuel production. The analysis of elementary
and isotope composition of a fuel and materials in full volume is a rather complicated analytic
problem. The problems of nondestructive analytic analysis are not worked in total though in the
last few years the modern analytic methods are developed on the base of induction- bound plasma
excitation, mass-spectrometry etc.

At NSC KIPT for the analytic control of production and certification of materials of
nuclear fuel cycle the following set of methods is used: traditional chemical-spectral methods,
mass-spectrometry, laser fluorescence spectroscopy, X-ray fluorescence spectroscopy, nuclear-
physical methods.
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None of mentioned analytic methods does not allow one to solve the problem in total. But,
good possibilities for this can be obtained with the use of the complex of nuclear-physical
methods based on the interaction between ions accelerated to the ion energy of several millions of
electron volts and a material with detecting the characteristic X-ray radiation ( PIXE ) and
gamma-radiation ( PIGE ). The PIXE method is designed, mainly, for analysis of elements with an
order number Z > 19, and PIGE for analysis of gas impurities and light elements. These methods
used together allows one to overlap almost all the range of necessary elements. In NSC KIPT the
works on development and application of nuclear-physical methods of analysis ( NFMA ) are
carried out over 20 years. During this period of time a number of instalations were designed and
necessary techniques were developed.

In modern world practice the installations with the use of NFMA are developed and
produced in quantity. Most of them permit to use simultaneously several methods, some
installations are automatic measuring complexes. However, all of them are not perfect and one of
main disadvantages is a high heat load onto the target together with a low factor of accelerator
utilization. The fact is that because of low counting rate in spectrometric channels the most part of
time for object irradiation is wasted. The situation may be better by introducing a high-acting
device into the measuring system that allows one to irradiate a number of objects simultaneously
by bending periodically the beam at small angles.

In NSC KIPT a versatile installation composed of four modules was devised and
constructed. ( The block diagram of the installation is given in Fig. 1 ). The first module consists of
two analytic channels and is designed for analysis of the material composition by the PXX
method, based on detection of the characteristic X-ray radiation which arises under irradiation of
the object analyzed with the quasi-monochromatic X-ray radiation of the secondary emitter ( SE ).
As the SE used is the water-cooled diaphragm forming the beam size and configuration, and the
quasi-monochromatic X-ray radiation arises due to settling in the diaphragm a part of the beam of
accelarated ions. There is provided the use of a set of four changeable diaphragms manufactured of
ultrapure metals Ti, Cu, Mo, Ta, that makes it possible to overlap almost all the range of energies
of exciting X-ray radiation. The availability of two analytic channels enables one to analyze two
object simultaneously.

The second module is a principal element of the installation since it realizes the idea that
permits to increase the efficiency of ion beam utilization. It comprises a system of electrostatic
bending the ion beam which is controlled with pulses from the Si(Li) detector of X-ray radiation as
well as two analytic channel for object analysis by the PIXE method. The objects being analyzed
are arranged at small angles relatively to the axis of ion beam , and the bending system provides a
rational distribution of irradiation time between the targets of the second and third modules.

, L l L t <.** -•

I.

FIG. 1 The block diagram of installation NFMA (NSC KIPT)
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The third module contains a chamber with which the possibility to analyze the object
simultaneously by PIXE and PIGE methods is realized. The chamber is provided with two locks for
preliminary evacuation of cassettes enclosing the object analyzed. It makes it possible to perform
the replacement of cassettes without vacuum degradation and nonproductive time waste.

The fourth module is designed for the ion beam ejection into the atmosphere that permits to
analyze by the PIXE and PIGE methods the objects of large size not destined to destruction as
well as the materials in liquid condition.

All the modules can be used separately as independent installations or together, as a unit.
In the latter case the potentialities of application of the modules are widened due to improvement
of analytic characteristics and decrease of production cost at the expense of the most effective use
of the accelerated ion beam.

In the last few years the method of laser- excitation atomic - fluorescent analysis (LEAFA )
is developed very intensively. The method is based on resonance excitation of atoms in the range
220- 1100 nm with detection of the resonant fluoroscence or radiation at the instant the atom
transfers from the excited state into the intermediate state. The method having a high sensitivity
can be successfully applied for the analysis of superlow contents of impurity (up to 10 -8 %) in a
wide range of elements.A standard installation for analysis by LEAFA method comprises: pulse
laser system, device controlling the laser emission frequency, atomizer of samples under testing,
detecting system, systems for data processing and control of the complex. In Fig. 2 shown is the
installation "TILANA" (NSC KIPT) designed for determining , in an instrumental variant , the
low contents of impurities in process solutions and materials.

The installation composed of a mass-spectrometer with laser excitation is very effective for
analysis of low contents of impurities. The optics of the installation is based on the quadruple and
allows one to carry out the analysis with an upper range of masses analyzed equal to 350, and the
mean- square deviation of a random error component in measurements of isotope ratios 235U / 238

U is 0.02 %.

FIG. 2. The installation "TILANA" (NSCKIPT)
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Analysis of the macrocontent and some elements in the range of Z > 20 is performed with
the use of the X-ray fluorescent method on the installation devised and constructed at NSC KIPT (
Fig. 3 ). In order to improve the signal - to - background ratio the X-ray optic system of the
installation is arranged with polarization of the primary X-ray beam. This installation makes it
possible to determine the concentration by measurements of X-ray fluorescent intensity of L-series
lines for elements of an atomic number Z > 48.

FIG. 3. The installation of X-ray fluorescent method analysis (NSC KIPT)
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