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The influence of technological processes and manufacturing of uranium dioxide fuel pellets for fuel elements for experimental fuel
assembly (FA-X) which was designed as an alternative fuel for the nuclear research installation (NRI) "Neutron Source Controlled
by Electron Accelerator" were investigated. Unlike standard production processes of UO: pellets, the special feature fabrication
process of this nuclear fuel type is production of uranium dioxide powder with enrichment of 4.4 %wt. of 2*°U achieved by mixing of
two batches of powders with different uranium contents: 0.4 %wt. 2°U and 19.7%wt. 23°U, as well as ensuring the required tolerance
of fuel pellets without the use of machining operations. A set of design and process documentation were developed in the R&D
Center at NSC KIPT. Experimental stack of fuel pellets, fuel elements and a pilot fuel assembly FA-X were fabricated and designed
to be compatible and interchangeable with VVR-M2 fuel assembly adopted as a standard assembly for the first fuel loading at the
"Neutron Source Driven by an Electron Accelerator" FA. As opposition to the variant of VVR-M2 fuel assembly which consisted of
three fuel rods of tubular shape with dispersion composition UO2-Al, FA-X accommodates six fuel rods of pin-type with UO: pellet
which located in the zirconium cladding (E110) as the closest analogue of fuel rods of VVER-1000 power reactor. Inside cladding
locate a 500 mm high fuel stack which is secured against displacement by a spacer. In the basic variant of FA-X the fuel pellets are
made of UO2 with 235U enrichment near 4.4 %wt.
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SUBCRITICAL ASSEMBLY OF THE “NEUTRON SOURCE” NUCLEAR FACILITY
The subcritical assembly (SCA) of the "Accelerator Driven Neutron Source" nuclear facility serves to multiply
primary neutrons from the fission of uranium-235 and includes: a core of fissile material, a moderator and reflector of
neutrons, and a coolant [1].
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Figure 1. 3D model of the subcritical assembly (a) [1]: 1 - baseplate; 2 - neutron-forming target;
3 - VVR-M2 type fuel assembly; 4 - beryllium reflectors; S - graphite reflector; 6 - neutron channel;
7 - vacuum channel of electron beam; standard fuel assemblies of VVR-M2 type (b) [2]

7 Cite as: 1.A. Chernov, A.V. Kushtym, V.R. Tatarinov, and D.V. Kutniy, East Eur. J. Phys. 3, 59 (2022), https://doi.org/10.26565/2312-4334-2022-3-08
© LA. Chernov, A.V. Kushtym, V.R. Tatarinov, D.V. Kutniy, 2022


https://doi.org/10.26565/2312-4334-2022-3-08
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0000-0003-1424-4471
https://orcid.org/0000-0001-7058-373X
https://orcid.org/0000-0001-9591-4013

60
EEJP. 3 (2022) Igor A. Chernov, Anton V. Kushtym, et al

DESCRIPTION OF FA-X DESIGN

As an analog of fuel element for VVER-1000 reactor was choose a good approbated with characteristics was
selected a fuel element FA-X (Fig. 2a, c¢) [3]: the length of the fuel element was decreased from 3800 mm to 600 mm,
the height of fuel stack - from 3530 mm to 500 mm. Similar parameters of fuel elements are as follows: material and
diameter of cladding - zirconium alloy E110, @ 9.1 mm, type of the fuel composition - UO,, enrichment of pellets with
uranium-235 isotope — 4.4 %. Productions of UO, pellets according with technical requirements [4], must have
specified characteristics (Fig. 2b): appearance, geometry, density, uranium content, oxygen coefficient, enrichment, and
chemical composition.

As part of project R515 "Design and technology for fabrication of fuel pellets and fuel assemblies for subcritical
assembly and testing for reliability and safety" the laboratory technology for fabrication of uranium dioxide pellet fuel with
the required set of characteristics including pellet geometric dimensions, enrichment, density, uranium content was
developed.

The peculiarity of the fabrication process of fuel pellets with content of 2°U near 4.4%wt. for FA-X is the
preparation of uranium dioxide powder by mixing of two powder batches with enrichment: 0.4%wt. >*°U and 19.7 %wt.
235U. Another peculiarity of the technology was obtaining of samples with required geometric dimensions within the
tolerance range without additional mechanical operations.

fuel element fuel pellet

¥ e — ) : :
— M}\&»’l’”’"" ﬁ L
ERiza ey e ST ey
e — -

—

87544006

Llsor5|4] F

750

diameter 7.48-7.60 mm
height 8-11 mm
density 10.30-10.60 g/cm’
enrichment 4.40-4.43% wt. 235U
uranium content — more 87.4%
oxygen coefficient 1.92-2.05
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Figure 2. Fuel assembly (FA-X) (a — common view, ¢ - 3D-model); UOz pellet and main requirements (b)

MATERIALS AND RESEARCH METHODS
Uranium dioxide powders with different 25U content - 19.905+£0.224 %wt. and 0.454+0.044 %wt. were used as
starting materials. Fuel pellets were formed by two-sided cold pressing in a steel mold with a diameter of 10 mm. Fuel
pellets were sintered in furnace with graphite heater at 1700 °C in vacuum with preliminary annealing of binder at 600 °C.
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The control of the uranium dioxide powder mixtures and fuel pellets enrichment with isotope 23U was carried out
according to the methodology Ne07-123:2011 "Uranium and its compounds. Methods for measuring the mass fraction
of uranium-235 using semiconductor gamma spectrometer CANBERRAGL-0515R and MGAU program". The
enrichment value is calculated from the ratio of intensities of the obtained hardware gamma spectra of >*°U and 233U in
the energy range of 89-100 keV using the program of multigroup analysis MGAU. The technique was validated for the
relative error of measurements of 4 % at the confidence probability P = 0.95.

The powders were mixed in a rotating steel drum mixer. The homogeneity (quality) of the powder mixture was
estimated by methods of mathematical statistics, by the so-called key-component — the 233U content.

The non-uniformity coefficient in % (Fig. 6) determined from the ratio was used as the mixture uniformity
criterion:

10 1 -

where ¢; mass or volume fraction of the key-component in the i-sample; ¢ - the average value of the mass or volume
fraction of the key-component in the i-samples; # - the total count of samples taken from the mixture.
The homogeneity M was determined as (%):

M =100-V. 2)

The quality of the mixture is considered satisfactory at V. = 6-8% (homogeneity M=92-94%), good at V= 4-6%
(M=94-96% ) and ideal at V.<4% (M>96%).

The homogeneity of the obtained mixtures, located in a cube-shaped container with a side of 40 mm, was
controlled in five different "source-detector" geometries. Four measurements were carried out with the detector against
the side surface of the container with a mixture of uranium dioxide powders, each measurement differed from the
previous one by rotating the container by 90°. The fifth measurement was carried out with the detector against the end
surface of the container.

To control the homogeneity of the mixture, the heterogeneity factor was calculated by formula (1), where the
values of the content of isotope 2**U obtained by processing five gamma-spectra with the MGAU software were used as
and values.

In addition, another approach was used to control the homogeneity of the obtained mixtures. The results of the

processing of five spectra for each mixture were subjected to statistical analysis: the mean values (E) of the content of
isotope 23°U, the standard deviation of s(£;) and the standard deviation of the mean s(E):
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where 7 is the number of measurements; E; is the value of uranium isotope content obtained by processing the i-th
spectrum.
Then we calculated the confidence interval for the confidence probability P = 0.95 using the relation:

A=(s(E)xt)’ +5° (7

where ¢ - is the Student coefficient for a given confidence probability and number of measurements, equal to 2.776, & -
statistical variance of the random variable of the MGAU program.

Control of trace impurities in fuel pellets was performed using the methodology Ne47:2018 from 28.06.2018
"Methodology for measuring the mass fraction of elements in uranium oxides, metallic uranium and its alloys by
inductively coupled plasma mass spectrometry”. Measurements are performed using an ELEMENT 2 type mass
spectrometer. The technique covers measurement of mass concentration of such elements as uranium, chromium, iron,
calcium, molybdenum, tungsten, silicon and vanadium.

The density of fuel pellets was determined by hydrostatic weighing in distilled water. The oxygen coefficient was
determined by the calculation method based on weighing powders or UO; pellets before and after their calcination at
1000 °C in a muffle furnace.
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INFLUENCE OF TECHNOLOGICAL PARAMETERS FUEL PELLETS PRODUCTION
ON THEIR CHARACTERISTICS

Many years of worldwide experience in nuclear fuel fabrication have developed the basic technological methods
for producing uranium dioxide powders and fuel pellets using them, as well as methods for their control. Pressing and
sintering of pellets are typical technological operations. A decisive role is also played by the preparation of powder
materials before pressing, the type and amount of binder, and the method of mixing. Apart from the characteristics of
powders themselves, the quality and characteristics of obtained fuel pellets depend on the design of used equipment and
peculiarities of the technological process at all its stages.

Uranium dioxide powder with a nominal enrichment of 0.4 wt.% was used to develop the modes of pressing and
sintering fuel pellets 2*3U.

As a result of studies of the influence of the type of organic plasticizer (binder) in the form of polyethylene glycol
and calcium stearate on the characteristics of pressed and sintered pellets, the optimal pressure, which provides the
integrity and a necessary density of formed pellets was determined. Fuel pellets were formed at a pressure of
2.1-4.1 t/em? (Fig. 3). Pressure exceeding 4 t/cm’ negatively affects the quality of the pellets due to the appearance of
cracks and delamination when pressing them out.
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Figure 3. Dependence of the compressed (raw density) pellets on the pressing pressure and type of binder
(in [5-7] literature data are given for comparison)

The optimal pressing pressure was 3 t/cm?, at which two experimental batches of fuel pellets were subsequently
pressed: V-CS (15 pcs.) and V-PEG (46 pcs.). The obtained data on the density of compressed tablets are in good
agreement with other experimental data [5—8]. Sintered pellets were characterized by uniform shrinkage in height and
diameter at the level of 20.2+0.6%, had no chips or cracks. Their appearance is satisfactory, which corresponds to the
technical requirements of TR No. 12-1-081 [4] (Fig. 4).

Figure 4. Appearance of raw (a) and sintered (b) pellets
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The results of measuring the geometric dimensions and density of fuel pellets are shown in Fig. 5.

Fuel pellets pressed on a dry binder - calcium stearate (B-CS batch), having an initial density of ~ 5.5 g/cm?®, after
sintering have a density of 10.3-10.4 g/cm?. Tablets pressed on a liquid binder - polyethyleneglycol (B-PEG batch),
having an initial density of ~ 5.9 g/cm?, after sintering have a density of 10.3-10.6 g/cm? (Fig. 5 b).

8 10,9 -
79 - ¢ Consignment B-PEG s | ¢ Consignment B-PEG
78 J ® Consignment B-CS - 1(5):7. i N Ofonsignment B-CS
E 77 E 10,6 fggr-rmmrro g gt mmm-
g . . ? we o O . [Pne e o ® & e
AR e e ke s I RS It ARSI P YN
5 7.5 AR TPt gl T 5104 TNCIASH
S 74 - T 103 e %
S 73 - $ 102
a ;5 Q 101
7.1 1 10 -+
7 T T T T T T T T L)L) T T T T T T T T
0O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Pellet Pellet
a b

Figure 5. Diameter (a) and density (b) of sintered pellets UO2

It follows from the data obtained that a significant part of them meets the technical requirements for diameter
(07.54+0.06 mm) and density (10.45+0.15 g/cm?). It follows from the conducted studies that in order to obtain the
maximum density of fuel pellets, a liquid plasticizer, polyethyleneglycol, should be used as a binder. A study of the
effect of isothermal holding time of 2 and 4 hours at 1700 °C in vacuum did not reveal a significant increase in the
density of sintered pellets. The average value of the density of tablets sintered at 1700 °C for 4 hours for the B-PEG
batch was 10.5 g/cm®, and for the B-CS batch — 10.4 g/cm?. The study of the microstructure of the pellets showed a
uniform distribution of pores in their volume, the grain size was 2-7 pm, and the microhardness was 6-7 GPa.

Thus, the studies carried out made it possible to establish the optimal modes for obtaining fuel pellets, as well as to
develop and manufacture molds in order to ensure the required tolerance for their diameter. The results of these studies
made it possible to proceed to the manufacture of pilot batches of fuel pellets from a mixture of uranium powders with a
given enrichment in U according to the developed scheme. The results of measuring the 23U content in the initial
UO; powders were 19.905 + 0.224 wt.%. and 0.454+0.044 wt.%.

Based on the obtained data, the mass of the initial powders was calculated to obtain a powder mixture with an
enrichment of 4.4% wt. by 233U. Figure 6 shows the results of monitoring the homogeneity of the mixtures obtained at
different mixing times of the powders.
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Figure 6. Dependence of the value of the coefficient of heterogeneity and the degree of mixing of UO2 powders on time
(continued on next page)
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Figure 6. Dependence of the value of the coefficient of heterogeneity and the degree of mixing of UO2 powders on time

Thus, in this approach, the criterion for the homogeneity of the obtained mixtures of powders is the maintenance
of the condition & <4 % which will indicate that the possible inhomogeneity of the distribution of the 2**U isotope in
the mixture is lower than the relative measurement error of the technique used.

Additional measurements of the enrichment of sintered fuel pellets located in the container amounted to

4.382+0.078% wt. by 2°U.
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Figure 7. Diameter (a) and density (b) of sintered fuel pellets UO2
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The pellets after sintering had a diameter of 37.48-7.60 mm (Fig. 7a) and a height of 8.6-10.7 mm. The density of
sintered pellets was in the range of 10.4-10.6 g/cm?® (Fig. 7b). The appearance of the pellets is satisfactory, there were
no chips on the chamfers, and their microstructure is shown in Fig. 8.

100 mkm

Figure 8. Microstructure of fuel pellets UO2

The measured enrichment of fuel pellets was 4.395+0.058% weight 2>°U (Table 1). The additionally measured
average fuel enrichment of the experimental FA-X was 4.420.18 wt%. 23°U.

Table 1. Results of measurements a fuel pellets enrichment

Measured enrichment Instrumental .
No measurement error, Statistical parameter Value
value, X d

1 4.392 0.049 Number of measurements, n 5.000

2 4.391 0.048 Mean, Xcp 4.395
3 4.415 0.048 Standard deviation, S 0.026

4 4.355 0.048 Standard deviation of the mean values, Scp 0.012
5 4.420 0.049 Student's coefficient for P=95%, ¢ 2.776

6 4.392 0.049 Average instrumental error, dep 0.048

Confidence interval, D 0.058

At the measuring of impurities concentration in fuel pellets, it was found that the concentrations of such impurities as
iron (Fe), chromium (Cr), molybdenum (Mo), tungsten (W) and others are quite low and do not exceed the limit values
established by the ASTM standard [9], as well as the technical requirements of TR No. 12-1-081 [4] (Table 2). The limits
of the relative error in measuring the mass contents of the analyzed elements do not exceed + 20% at P = 0.95.

Table 2. Elemental composition of fuel pellets

Element . Element content, %wt.
Requirements Ne 12-1-081 Measurement

U >87.4 87.7

Cr <0.01 0.0086
Fe <0.03 0.0239
Na <0.01 0.0033
Mn <0.01 0.0065
Mo <0.01 0.0039
w <0.01 0.0047
Ca <0.015 0.0075
Si <0.01 0.0084
v <0.01 0.0006

CONCLUSION

Some characteristics of the subcritical assembly of the nuclear facility "Source of Neutrons" are given, as well as a
description of the standard fuel assembly of the WWR-M2 type, used during the first fuel loading of the core, and the
experimental FA-X, developed for subsequent loads.

A description of the technological scheme for the manufacture of fuel pellets with an enrichment of 4.4% by
weight is presented on the 233U isotope by mixing two powders with different uranium content: 0.4% wt. 2**U and
19.7% wt. 25U.
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The influence of technological regimes and parameters for the manufacture of fuel pellets from the obtained
mixtures on their characteristics, such as enrichment, geometric dimensions, density, established in the design and
technical documentation, has been studied.

On the basis of the conducted studies, the correctness of the choice of the technological scheme for the
manufacture of fuel pellets and fuel rods of FA-X was shown.
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OCOBJIMBOCTI BUT'OTOBJIEHHS I XAPAKTEPUCTUKHU MAJIMBHUX TABJIETOK I3 JIOKCHUAY YPAHY

IS CTPUJKHEBHUX TBEJIB HNIAKPUTAYHOI 3BIPKI
LO. Yepuos?, A.B. Kymrum?, B.P. Tarapinos?, /I.B. Kyruiii
Hayko6o-mexniunuti KOMnjiexkc « 10epHuti nanusHuti yukiy
bHaykoso-mexuiuna crysichba a0epnux mamepianie i eKCnopmmozo KOHmMpoo
Hayionanvnoeo naykosoeo yenmpy «Xapkiecokuii (izuko-mexHiuHuil ihcmumymy
eyn. Akademiuna, 1, m. Xapxis, 61108, Yxpaina
JlocImiKeHo BIDIMB TEXHOJOTIYHMX PEKHUMIB BHTOTOBJICHHS MANIMBHUX TaOJETOK 13 MIOKCHAY ypaHy Ui TBEIiB pO3pOOIIIOBAHOI
JOCHIAHOT TerIoBUALIBHOT 30ipku TB3-X, npu3HavueHoi B SKOCTI albTEpPHATHBHOTO MaJMBa IS JOCIIAHUIBKOI SAepHOI YCTaHOBKU
(1Y) «lxepeno HEHTPOHIB, sIKe KEPY€EThCA MPUCKOPIOBAYEM CIICKTPOHIB». Ha BiMiHY BiJ CTAaHOAPTHUX TEXHOJOTIYHHUX HPOLECIB
BurorosieHHs TabneTok UO2, 0COOIMBICTIO BUTOTOBIICHHS JTaHOTO THITY SIAEPHOTO NMANINBA, € OJICP>KaHHS IIOPOIIKY TIOKCHIY YpaHy
3i 30arauenssm 4.4% Bar. no 233U uuisxoM 3MillyBaHHsS JBOX [apTiil MOPOLIKIB 3 pi3sHUM BMicToM ypany: 0.4% Bar. U i 19.7%
Bar. 233U, a Takox 3a6e31eueHHs HeoOXiIHOro JOMyCKy NMaIMBHUX TableToK 0€3 3acTOCYBaHHs OIepaliii MexaHiuHoi oOpoOku. Y
HTK AT HHI] X®TI po3pobiieH0 KOMIUIEKT KOHCTPYKTOPCHKOT Ta TEXHOJIOTIYHOT IOKyMEeHTallii, BATOTOBJICHI €KCIIEPUMEHTAIbHI
3pa3Ky NaIMBHUX TabJIETOK, TBEIIB Ta A0OCHifHOT TeIuIoBUALNBHOT 30ipku TB3-X, sika cripoekToBaHa CyMICHOIO Ta B3a€MO3aMiHHOIO 3
TB3 BBP-M2, sika mpuiiHATa B SKOCTi IITATHOTO HPH IMepIIoMy HanuBHOMY 3aBaHTaxkeHHI B JISIY «Jlkepeno HEWTpOHIB, sike
KepYEThCsl IPUCKOPIOBaYeM eNeKTPOHiB». Ha BiaMiHy Bix Bapianty TB3 tumy BBP-M2, mo cknamaeTscs 3 TppOX TBEINiB TpyOUacToi
¢dopmu 3 mucnepciitHoro manuBHO Kommosuiieo UO2-Al, B TB3-X posmimieHi micTe TBENiB CTPMKHEBOTO THILY 3 TaOIETKOBUM
namuBoM UO2 B o6oroHni 3 mupkonieBoro cmiaBy E110, sk Halibmmkdoro anamora TBena eHepretudHoro peaxropa BBEP-1000.
BeepenuHi 000JOHKHM PO3TAIIOBaHHMH CTOBI TMAIWBHUX TaOJNETOK BUCOTOIO 500 MM, sikuid 3adikCOBaHW BiJ IMEpeMIlCHHS
po3nipHOIO BTYNKOW. B ocHoBHOMy BapianTi TB3-X nanusHi Tabnetku Burotosieni 3 UO:2 3i 36aradennam mo 2°U 4.4% sar.
KorouoBi ci1oBa: TeIUIOBUAIIEHUN €IEMEHT, TEIUIOBHUIbHA 30ipKa, HOPOLIOK, AIOKCH]I ypaHy, 30araueHHs, OXHOPIHICTb CyMillli,
LIJIBHICTB, MIKPOCTPYKTYpA.





