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The results of research into the effect of the granulometric compositions of neutron-absorbing powder materials
such as boron carbide, dysprosium titanate and dysprosium hafnate and their mixtures in the initial state on the char-
acteristics of backfills in the claddings of both “short” and full-size absorbing rods are presented. It was revealed
that the achievement of the maximum backfill density is facilitated by providing the content of a fine fraction of
about 30%. The maximum backfill density values achieved for boron carbide, dysprosium titanate, and dysprosium
hafnate were 1.82, 5.1, and 5.82 g/cm? respectively The optimal modes of vibration compaction (type and frequency
of oscillations), which ensure the achievement of the required values of the backfill density in absorbing rods in a

short time were defined.

INTRODUCTION

In the actual design reactor absorber elements of
WWER-1000, dysprosium titanate and boron carbide
are used as neutron-absorbing materials in the form of
powder fills. The use of dysprosium hafnate powder or
pellets, as well as the use of combined heterogeneous
powder compositions of boron carbide and titan-
ate/dysprosium hafnate with a volume fraction from 10
to 50% is considered promising [1, 2].

It is believed that one of the most effective ways to
form homogeneous, dense, and unstressed structures of
dispersed powder material is the process of vibration
compaction [3]. Vibration compaction technology has
also been used in the manufacture of nuclear reactor
fuel elements [4, 5]. One of the technological tasks in
the development of powder backfill technology is to
determine the effect of the particle size distribution of
powders on the maximum achievable backfill density.

The process of vibration compaction is considered to
be one of the most effective ways to form homogene-
ous, dense, and unstressed structures of dispersed pow-
der material [3]. Vibration compaction technology has
also been used in the manufacture of nuclear reactor
fuel rods [4, 5]. One of the technological tasks in the
development of powder backfill technology is to deter-
mine the effect of the particle size distribution of pow-
ders on the maximum achievable backfill density.

Guiding the known principles of packaging polydis-
perse materials, according to which, to achieve maxi-
mum packaging and backfill density, it is recommended
to use powders of two and three fractions when select-
ing the fractional composition of powders B,C,
Dy,TiOs, Dy,03-HfO, for testing the process of their
vibration compaction in absorbing rod claddings [6].
The following conditions are recommended: the average
particle size of the first (coarse) fraction D, = 1/10 of
the inner diameter of the absorbing rod cladding (D),
and the particle size of additional fractions (second and
third) is determined from the following relations
D, <0.15-Dy, D3 <0.15-D,. Thus, the packing factor (d)

of the powder system of a 2-fraction composition is
0.867, and for a 3-fraction composition it is 0.951. In
this case, the mass content of coarse, medium, and fine
fractions should be 67:24:9.

The main technical requirements for backfill densi-
ties of absorbing rods with absorbing materials are as
follows:

— dysprosium titanate: not less than 4.9 g/cm?®;

— boron carbide: not less than 1.7 g/cm®.

The objective of this study is to research the effect
of the particle size distribution of boron carbide, dys-
prosium titanate, dysprosium hafnate powders and their
mixtures on the bulk density in the initial state and the
density of backfill in the absorbing rod claddings.

1. MATERIALS AND METHODS

Powders with a size of -1+0.315 mm were used as a
coarse fraction of boron carbide, and as a fine fraction —
F240 grit with a size of less than 60 pm, manufactured
by the Zaporizhzhya Abrasive Plant according to TU U
24.1-00222226-047:2005.

Powders of dysprosium titanate and dysprosium
hafnate were obtained in the laboratory of the NFC STE
NSC KIPT. Powders with a size of -0.9+0.1 mm were
used as a coarse fraction, and powders less than 0.1 mm
were used as a fine fraction.
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Fig. 1. The particle size distribution of dysprosium
titanate and hafnate powders
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The technological scheme for the manufacture of
dysprosium titanate and hafnate powders is based on the
grinding of sintered briquettes of synthesized absorbing
materials Dy,TiOs and HfO, Dy,03; with subsequent
measurement and adjustment of the particle size distri-
bution by sieving the powders (Fig. 1).

Table 1
Powder compositions of dysprosium titanate (hafnate)
and boron carbide

tively. Combined powder mixtures were formed from
the obtained powders of dysprosium titanate and dys-
prosium hafnate, as well as boron carbide. The charac-
teristics are given in Table 1 and the appearance in
Fig. 2.

The study of the vibration compaction process and
the characteristics of backfills of combined absorbing
materials was carried out on “short” tubes made of
stainless steel 08Cr18Nil10Ti, 1 m long with an internal

No. of volume Mass diameter of @7.0 mm and full-length absorbing rods,
compo- Material fraction. % fraction, which were assembled claddings (a cladding with a
sition 70 % welded lower end plug — a cone) with a length of
Dy, TiOs 10 24.5 ~ 4095 mm. Vibration compaction was carried out on
B,C the VEDS-100 MK vibration machine at the following
-1 +0.315) mm 75.5 modes: oscillation frequency was z, type of output
Lol ) 80 des: oscillation f 120 H f
B,C (F240) 20 signal was sine, vibration acceleration was 125 m/s’.
, e 30 55.6 2. RESULTS AND DISCUSSION
1+ O.§15) mm 70 44.4 The average values of the bulk density of absorbing
Dy,TiO; 20 66.0 material powders with a fine fraction in the range of
3 B.C 10...50 % vol. are given in Tables 2, 3, and 4.
. 60 34.0 Table 2
(-1 + 0.315) mm . . .
HfO, Dv,O 10 270 Bulk density and backfill density of boron
}234Cyz 3 - carbide powder mixtures
4 (-1+0.315) mm 80 72.8 Fractions ratio . Backfill
Bulk density, .
B,C (F240) 20 (-1+0.315) mm/ glem’ denSIt%/,
HfO, Dy,04 30 59.0 F240 (-0.06) mm g/cm
5 B.C 50/50 1.29 1.70
(-1 +0.315) mm 70 41.0 55/45 131 177
HfO, Dy,03 40 77.1 60/40 1.32 1.82
6 B4C 65/35 1.32 1.82
(-1 +0.315) mm 60 22.9 70/30 132 181
75/25 1.31 1.77
70 vol.%B,C +30%Vvol. HfO, Dy,0; 80/20 129 170
Table 3

60 vol.%B,C +40%vol. HfO,-Dy,0;

) B

Fig. 2. Combined powder mixtures of dysprosium
hafnate and boron carbide

The particle densities of the powders measured by
the pycnometric method [7] were 7.23 and 8.47 g/cm®
for dysprosium titanate and dysprosium hafnate, respec-

Bulk density and backfill density of dysprosium titanate
powder mixtures

Fractions ratio Bulk density Backfill
(-1+0.1) mm/ lem? ' density,
(-0.1) mm 9 glem®
50/50 3.5 4.69
60/40 3.62 4,97
70/30 4.0 5.1
80/20 3.96 5.03
90/10 3.85 4.68
Table 4

Bulk density and backfill density of powder mixtures
of dysprosium hafnate

Fractions ratio Bulk density Backfill
(-1+0.1) mm/ fem? ' density,
(-0.1) mm 9 glem®
50/50 4.63 5.48
60/40 4.69 5.79
70/30 4,73 5.82
80/20 4.56 5.78
90/10 4.46 5.74

It has been established that the highest bulk density
of ~ 1.3 g/lcm® and the backfill density of ~ 1.82 g/cm®
for boron carbide powders in the absorbing rod cladding
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are provided at the coarse fraction content of

(0.9+0.315) mm in the range of 60...70% (Fig. 3).
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Fig. 3. Dependence of bulk density, backfill density and
packing factor (6) of B,C powder on the content of fine
fraction F240
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A similar trend is observed for dysprosium titanate
and dysprosium hafnate powders. Thus, the maximum
bulk density and backfill density for these materials
were observed in the fractional composition of
(-0.9+0.1) mm — 70% and (-0.1) mm — 30%.

These values for dysprosium titanate powder were
4.0 and 5.09 g/cm®, respectively (see Table 3).

The maximum values of bulk density and backfill
density for dysprosium hafnate powder were 4.73 and
5.82 g/cm®, respectively (see Table 4).

The results of the study of B4,C powder compaction
in full-length absorbing rods at varying the particle size
distribution, type and frequencies of vibrations generat-
ed by the vibration machine are shown in Figs. 4-6.
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Fig. 4. Dependence of backfill density B,C on the ratio of fractions in the mixture
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Fig. 5. Dependence of B4C backfill density on the oscillation type (fraction ratio 65/35%)
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Fig. 6. Dependence of B,C backfill density on the oscillation frequency (fraction ratio 65/35%)
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It has been established that the optimal ratios between
the coarse and fine fractions of boron carbide powder are
60...70 and 30...40%, respectively, for the manufacture of
full-size absorbing rods. The mode of vibration compaction
was the following: sinusoidal type of oscillations and a
frequency of 100" Hz. It ensured the achievement of the
required value of > 1.8 g/cm® of the B,C backfill density in
the absorbing rod claddings.

The results of study into the compaction of
Dy, TiOs powder in the absorbing rod claddings with a
design backfill height of 300 mm under varying
particle size distributions (the ratio of coarse to fine
fractions) are shown in Fig. 7.
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Fig. 7. Dependence of the density of dysprosium titanate powder of different particle size distributions on the time
of vibration compaction

It has been established that to obtain a backfill
density of at least 4.9 g/cm®, the ratio between coarse
and fine fractions of dysprosium titanate powder when
using two fractions of (-0.9+0.1) mm and of (-0.1) mm
should be 60...75 and 25...40%, respectively.

The backfill density increases to almost 5.2 g/cm®
when using three components of the powder composit:-
on: (-0.9+0.1) mm — 67%, (-0.1) mm — 24%, and (-
0.05) mm —7...9%.

The process of vibrocompaction of dysprosium
titanate powder weighing about 63 g, designed for a
column height of 300 mm with the vibration machine
turned on, is quite fast under optimal operating
conditions. The backfill density increases to 4.9 g/cm®

in the first 10...20 s, and then increases slightly and
slowly after the powder flows into the absorbing rod
cladding.

Thus, the process of vibration backfilling of
dysprosium titanate powder causes an increase in the
backfill density from the bulk density of 4.0 to
4.9 glcm®, which is about 20%.

The results of preliminary studies of the backfill
characteristics of the dysprosiumy titanate + boron
carbide and dysprosium hafnate + boron carbide
combined mixtures carried out in “short” claddings 1 m
long with an internal diameter of ©7.0 mm are
presented in Tables 5 and 6, respectively.

Table 5
Characteristics of combined powder fills of dysprosium titanate and boron carbide
No. Bulk Backfill Max. density of | Packaging
of Combined powder composition density, density, the composition, | efficiency
mixture glem® glem’ glem®
1 70%vol.B,C (-1+0.315) mm+
20%vol.B,C (F240)+ 1.55 2.24 2.98 0.75
10%vol.Dy,TiOs
2 70%vol.B,C+30%Vvol.Dy,TiOs 1.89 2.96 3.94 0.74
60%vol.B,C +40%vol.Dy,TiOs 2.11 3.36 4.46 0.75
Table 6
Characteristics of combined powder fills of dysprosium hafnate and boron carbide
No. Bulk Backfill Max. density of Packaging
of mix- Combined powder composition density, density, the composition, efficiency
ture glem® glem® glem®
70%vol.B,C (-1+0.315) mm+
4 20%vol.B,C (F240) + 1.6 2.44 3.1 0.79
10%V0|. Hf02 Dy203
70%vol.B,C +30%vol. HfO,-Dy,04 2.0 3.08 4.27 0.72
60%vol.B,C +40%vol. HfO,-Dy,03 2.3 3.69 5.45 0.68

100 ISSN 1562-6016. Problems of Atomic Science and Technology. 2023. Ne5(147)



The study of the vibration compaction process and
the characteristics of backfills of combined absorbing
materials was also carried out on full-size absorbing

rods. The general characteristics of backfills are given
in Table 7.

Characteristics of backfills of combined mixtures in full-size absorbing rods Tevle?
No. q Dy,TiOs B,C Dy,03°TiO, Bgckfill Total length
.of mr,n po_wder po_wder Column Backfill density §4C, of the column,
mixture weight, g | weight, g height, mm density, g/cm3 glcm mm

1 7.01 27.2 226 365 1.93 1.84 3551.0

2 7.00 34.8 223.9 339 2.66 1.84 3509.5

3 7.00 40.4 224.1 336 3.12 1.83 3512.0

4 6.98 27.9 222.6 330 2.19 1.83 3513.0

5 6.99 35.2 223.6 295 3.09 1.81 3509.0

6 6.99 42.6 223.3 306 3.61 1.82 3508.0

The study of the kinetics of vibrocompaction of
combined powder compositions revealed that the time to
reach the maximum density is at least 90 s. This maximum
value can be characterized by the values of packing factor
in the range from 0.68 to 0.79 and calculated basing on the
maximum density of the combined mixture of dysprosium
titanate (dysprosium hafnate) and boron carbide, which in
turn depends on the volume (mass fraction) and density of
each of the mixture components.

Studies have revealed that the packing factor, defined
as the ratio of the backfill density to the compact material
density (theoretical material density), did not depend on the
type of materials in the combined powder compositions,
but was determined by the granulometric composition of
the backfill (the content of the fine fraction).

It was found that an increase in the vibration frequency
to 250 Hz leads to an intensification of the vibration
compaction process and an increase in the density of
backfill by about 3...5%. The installation of a weighting
rod also leads to an increase in backfill density. Analyzing
the data obtained, it should also be noted that the backfill
density of combined powder mixtures in full-length ab-
sorbing rods is 2...10% lower compared to the backfill
density in “short” tubes. This phenomenon may be related
to the possible redistribution of coarse fraction (boron
carbide) and fine fraction (dysprosium titanate or
dysprosium hafnate) particles during backfilling, moving
or falling from heights of more than 4 m.

CONCLUSIONS

1. The influence of the granulometric compositions of
boron carbide, dysprosium titanate, and dysprosium
hafnate powders and their mixtures in the initial state on
the characteristics of backfills in the claddings of both
“short” and full-size absorbing rods was researched.

2. It has been established that the highest bulk density
of ~ 1.3 g/cm® and the backfill density in the absorbing rod
cladding of ~ 1.82 g/cm® are provided at the content of a
coarse fraction of (0.9+0.315) mm in the range of 60...70%
for boron carbide powders.
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3. The maximum values of bulk density and
backfill density were 4.0 and 5.09 g/cm?, respectively,
for dysprosium titanate powder.

4. The maximum values of bulk density and
backfill density were 4.73 and 5.82 g/cm®, respectiely,
for dysprosium hafnate powder.

5. Vibrocompaction modes (type and frequency of
oscillations) are set to achieve the required value of
the absorbing rod backfill density: sinusoidal type of
oscillations, frequency of 100*%° Hz.
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AOC/I’KEHHS BIVIUBY I'PAHYJTOMETPHYHHUX CKJIAZIB TOPOIIKIB
HEUTPOHOIOI'IMHAIOYUX MATEPIAJIIB HA IX YIIIVIBHIOBAHICTb
B OBOJIOHKAX ITEJI

1.0. Yepnos, B.O. Pomanvros, B.M. €gcecs, €.C. JlezenvKuii

[IpencraBneHo pe3ynbTaTH IOCHTIIPKEHb BIUIMBY TPaHYJIOMETPUYHUX CKJIA/IiB MOPOIIKIB HEWTPOHOIOTIINHA-
I04YMX MaTepiajiB: kapOigy Oopy, TUTaHAaTy IUCHPO3ito i radHaTy IUCIpo3ito Ta IX cymimeil y BUXiZHOMY CTaHi
Ha XapaKTepUCTUKH 3aCHIIOK y 00OJIOHKAX SIK «KOPOTKUX», TaK i MOBHOMETPaXHUX Nell. BeranoieHo, mo 1o-
CSITHEHHIO MaKCHMAaJIbHOI HIUTPHOCTI 3aCUIIKH CIIpHsie 3a0e3MeueHHs BMICTy ApiOHOi ¢paxmii Oing 30%. docsr-
HyTi MaKCUMaJIbHI IITBHOCTI 3aCHIIOK KapOimy Oopy, THTaHATy AWCHPO3ilo i TradyHATY AMCHPO3iI0 BiANOBITHO:
1,82; 5,11 5,82 r/cm. BCTaHOBJIEHO ONTUMANbHI PEXUMH BiOPOYIIIIGHEHHS (THII Ta YaCTOTa KOJHMBAHB), II0
3a0e31euyr0Th JOCATHEHHS HEOOXITHUX 3HAYCHP MIUTFHOCTI 3aCHITOK T1eJT 32 KOPOTKHH Jac.
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