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ABSTRACT

Dy,Ti,0, and Gd,Ti O, have been developed as neutron absorbing and burnable poison materials.
The Dy,Ti O, and Gd,Ti O, were irradiated in the HANARO reactor for a feasibility study and
their PIEs were performed to evaluate the in-pile behaviors. The irradiation was successfully
performed for 46 EFPD. The PIE results proved to maintain geometrical and microstructual integrity
during irradiation. Inductively coupled plasma mass spectrometry (ICP-MS) confirmed the higher
depletion rate in Gd,Ti O, than in Dy,Ti O,. The irradiation test with PIEs would suggest
Dy,Ti,O, and Gd,Ti, O, can be applied for neutron absorbing and burnable poison materials.

1. Introduction

The Dy,Ti O, and Gd,Ti,O, have been developed as neutron absorbing and burnable poison
materials. These lanthanoid ( Ln,O, + MO, ) oxide have been considered as good irradiation resistant
materials [1].

The Dy,Ti, O, has been used as control rod material in the VVER-1000 reactors as well as in the
research reactors in Russia. The Gd,Ti O, is being considered as burnable poison material to control
the excessive reactivity, provide the safety shutdown margin, and compensate the reducing reactivity.

The present paper describes the irradiation test including an analysis of in-pile behavior for neutron
absorbing and burnable poison materials in the HANARO reactor. In addition, PIE results along with
chemical analysis are discussed.

2. Material fabrication and irradiation capsule

Dy,0; and TiO, powders were prepared for the fabrication of Dy,Ti O, pellet. Dy,O, and TiO,
were well mixed in the tubular mixer and then milled in the zirconia crucible. The green pellet was
made following hydraulically pressing the mixed power under 300 MPa. Based on TMA sinterability
scoping tests, the green pellets were sintered at the temperature of 1550 and 1600°C at the atmosphere
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of argon [2].

On the other hand, the GdXTiyOZ pellets were fabricated by very similar procedures as for DyXTiyOZ .
The only difference was sintering temperature, which was 1500 and 1550°C for Gd, Ti, O, instead of
1550 and 1600°C for Dy,Ti O, .

The prepared pellets were loaded into the irradiation capsule (see Fig. 1). The main characteristics of
pellets with designation are listed below.

Pellet Designation Height (mm) Diameter (mm) | Density (g/cc)
Dy, Ti,0, | DY-HT 7.685 8.525 6.65
(1600 ) | py-HB 9.112 8.525 6.65
Dy, Ti,0, DY-LT 7.428 8.524 6.33
(1550 ) DY-LB 7.436 8.524 6.28
Gd,Ti,0, GD-HT 7.941 8.514 6.27
(1650 ) GD-HB 8.115 8.514 6.27
Gd,Ti,0, GD-LT 8.898 8.521 6.05
(1600 ) GD-LB 8.848 8.521 6.04
— ALO, Zircaloy
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Fig. 1. Pellet capsule for HANARO test

3. Irradiation test and in-pile analysis

The Dy,Ti O, and Gd,Ti O, were irradiated to test their applicability to neutron absorbing and
burnable poison materials. The irradiation was performed in the HANARO research reactor.

The position of the capsule in the reactor was OR6 throughout the irradiation test. The irradiation
period was from July 2001 to October 2001 for 46 EFPD. This test aimed to check the in-pile
performance for the first manufactured candidate materials, so irradiation period was shorter than the
required testing period.



Before loading into test reactor, the preliminary analyses were performed to estimate the irradiation
conditions. In particular, the thermal and stress and strain behaviors were estimated by ABAQUS code
with following assumptions:

¢ The axial symmetry is applied for the modeling of pellet and cladding due to the
geometrical symmetry.

+ Axial heat transfer is negligible.

+ Radiation heat transfer can be neglected through gap between absorbing pellet and
cladding. Only gap conductance is considered.

The thermal conductivity was measured by using the laser flash method before irradiation test.
Dy, Ti,O, shows the almost constant thermal conductivity with temperature whereas Gd,Ti O,
varies considerably with temperature.
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Fig. 2. Thermal conductivity measured for Dy,Ti O, .
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Fig. 3. Thermal conductivity measured for Gd,Ti O, .

The thermal conductivity of DyXTiyOZ ranges from 1.5 to 2.0 W/m-K and remains almost constant
with temperature. The higher sintering temperature — the higher density — results in the higher thermal
conductivity of Dy,Ti O, .

On the other hand, the thermal conductivity of deTiyOZ decreases with temperature up to 600°C
and then increases with temperature. It is noticeable that the sintering temperature effect is fairly
insignificant in the thermal conductivity.

For the simplicity of calculation and the conservatism, the thermal conductivity of 1.5 and 1.0 W/m-K
was applied for Dy,Ti O, and Gd,Ti,O,, respectively.

The Ross and Stoute model [3] was used for the gap conductance between a pellet and cladding. The
gap was charged with He gas of 1 bar at the room temperature. The conduction by He gas was taken
into account and its value is 0.2 kwW/m-K for thermal conductivity with the assumption of the surface
roughness of 1 um.

The Dittus-Boelter relationship was used for heat transfer from the coolant to cladding. The pellet
centerline temperature was estimated with no swelling for conservatism. The linear heating rate was
108 W/em for Dy,Ti O, and 172 W/cm for Gd,Ti,0, .

Taking in account the coolant conditions, gap properties, heat generation, the calculated centerline
temperature in Dy, Ti O, sintered at 1600 was ~600 and 700  with power depression and
uniform power distribution, respectively. In the case of Gd,Ti O, sintered at 1650 , the thermal
analysis results to ~1150 and 1500  with power depression and uniform power distribution,
respectively.
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Fig. 4. The radial temperature distribution for Dy, Ti O, .
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Fig. 5. The radial temperature distribution for Gd,Ti O, .

The stress and strain analysis revealed that there is no contact between the pellet and capsule cladding
(Zircaloy-4).

4. Post Irradiation Examination

4.1 Geometry and Density

The density of Dy, Ti O, and Gd,Ti O, after irradiation was measured for the changes in the pellets.
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The diameter and height were also measured. The pellet changes can result from the in-reactor
sintering and swelling from the presence of solid fission products and/or from the precipitation of
gaseous fission products into pores.

The immersion density measurements were performed on eight specimens. The weight measurements
were repeated five times to obtain reliable and consistent average values. Results of density together
with diameter and height measurements were summarized below:

Pellet Designation Height (mm) Diameter (mm) Density (g/cc)
Dy,Ti,, DY-HT 7.681 8.505 6.68
(1600 ) DY-HB 9.122 8.533 6.68
Dy,Ti,O, DY-LT 7.436 8.552 6.81
(1550 ) DY-LB 7.437 8.526 6.78
Gd,Ti,0, | GD-HT 7.947 8.520 6.43
(1650 ) GD-HB 8.116 8.515 6.45
Gd,Ti,0, GD-LT 8.881 8.521 6.36
(1600 ) GD-LB 8.914 8.520 6.37

However, the open porosity in the specimens was not properly treated due to the limited equipment in
the hot cell. To take into account the open porosity, the following additional estimation was applied to
compensate the open porosity in the pellet.

Wai r

px = P 'pl
Wair {1+ pl] —-W
Px

where p, and p, are the density of specimen and liquid, and w,;, and w, are the weight in the air
and in the liquid. P is porosity in the pellet.

Based on the observation of OM, the adequate porosity was assumed and the iterative calculation was
made to obtain the corrected density. Hence, the volume change was estimated by using the following
relationship between the density before and after irradiation.

dens,swell Po

The calculated volume change is shown in Fig. 6 and Fig. 7. The squares in the figures include the

V-V,

0

values for the pellets with appropriate porosity.

The DY-H (sintered at the higher temperature) indicates significant swelling whereas there is no
volume change or slight swelling in DY-L. On the other hand, both Gd,Ti O, pellets shows slight
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swelling.

To obtain more accurate in-pile volume behaviors, it is required to improve the density measuring
system in the hot cell and to prepare more sophisticated porosity data before irradiation.
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Fig. 6. The density changes depending on porosity for Dy, Ti O, .
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Fig. 7. The density changes depending on porosity for Gd,Ti O, .

4.2 EPMA

The EPMA measurements were made for DY-HB and GD-LB after irradiation. The quantitative
measurements were performed along the radius from the pellet center to periphery to obtain the radial



profiles of Dy, Gd, Ti, and O concentration in candidate material.
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Fig. 8. Radial profile of Dy, Ti, and O concentrations in Dy, Ti, O,
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Fig. 9. Radial profile of Gd, Ti, and O concentrations for GdXTiyOZ

The radial profiles were presented for Dy,Ti O, in Fig. 8 and for Gd,Ti O, in Fig. 9. The points of
29 and 15 were used for Dy,Ti O, and for Gd, Ti O, , respectively. In the figures, it can be seen that
the oxygen distributes very uniformly along the radius whereas the Dy and Gd concentrations vary
along the radius. The variation seems to be attributed to the non-uniformity of Dy and Gy. DyXTiyOZ
consists of Dy,TiO; + Dy,Ti,O,. The non-uniformity indicates the variation of two phases in the
Dy,Ti,O, pellet and in same way in Gd,Ti O,. Nevertheless, it can be assured that there is no
macroscopic migration of Dy and Gd during irradiation. Consequently, it is expected that developed



materials function well in the reactor.

4.3 Chemical Analysis

Inductively coupled plasma mass spectrometry (ICP-MS) was applied to estimate the absorbing
elements depletion due to irradiation [4]. The depletion was measured for DY-HT and GD-HB. The
changes in neutron absorbing isotopes are presented in Fig. 10 for DyXTiyOZ and Fig. 11 for
GdXTiyOZ. The important isotopes having rather high thermal neutron absorption cross-sections are
Dy-164(2700 barn) for Dy,Ti O, and Gd-155(61,000 barn) and Gd-157(254,000 barn) for
Gd,Ti,0,.

Decay products of Dy-164 are Ho and Er. However the only Ho-165 was detected since the produced
amount of Er was less than that required for accurate measurement. The amount of Ho produced is
slightly larger than that of Dy-164, which means the Dy-164 was produced by chain reaction along
with consuming by neutron absorption. This fact confirmed that the efficiency of Dy,Ti, O, decreases
at a slow rate rather than the other neutron absorption candidate for control rod, for example, B4C.
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Fig. 10. Isotope changes in Dy,Ti O, due to irradiation.

On the other hand, the Gd-155 and Gd-157 depleted more than 50% after irradiation (Fig. 11). The
higher depletion in Gd,Ti O, than in Dy Ti O, results from the negligible neutron absorption of Gd
isotopes except the Gd-155 and Gd-157. The Gd-155 and Gd-157 transmute to Gd-156 and Gd-157
very quickly with irradiation whereas the neutron absorption by Gd-156 and Gd-157 is very negligible
due to their very low neutron absorption cross section.



I Before
[ After

Isotope fraction

Gd-152 Gd-154 Gd-155 Gd-156 Gd-157 Gd-158 Gd-160
Isotope

Fig. 11. Isotope changes in Gd,Ti, O, due to irradiation.

5. Conclusion

The Dy,Ti O, and Gd,Ti O, were irradiated in the HANARO reactor to evaluate the in-pile
performance as a feasibility study for neutron absorbing and burnable poison materials. The
irradiation for 46 EFPD was successful and the PIE results indicate the in-pile performance with
stable geometrical and microstructual integrity. Inductively coupled plasma mass spectrometry (ICP-
MS) confirmed the higher depletion rate in Gd, Ti O, than in Dy, Ti O, .
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