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From Che post irradiation examination on JOYO MK-I control rods,
ic Is clear that swelling of boron carbide is significant factor as uell
as helium gas release.

As a new design of absorber pins, vent type pin was considered for
JOYO MK-II in order to reduce pin inner gas pressure. Hater loop test
and in-sodium test were performed. In this design, the diving bell type
was adopted as a vent system. Control rod for JOYO MK-II core is designed
with this vent system.

The development of neutron absorber materials will be carried out
to accumulate the sufficient data for design and performance evaluation
with the JOYO MK-II core. The irradiation testing and performance data
in JOYO MK-II core are expected to provide a lot of data of evaluate the
absorber material behavior as well as the improvement and characterization
of absorber materials.
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Abstract-

During development of neutron absorber materials for fast reactors

in the United States, considerable effort has been devoted to mate-

rials evaluation. An extensive EBR-II testing program provided the

basis for absorbar specifications and performance assessments.

Mors recently, efforts have been directed toward the development of

materials data for advanced absorber assembly designs for advanced

reactor concepts. Boron carbide is the leading candidate absorber

material with satisfactory performance capability.

INTRODUCTION

An intensive development effort was conducted to establish the technology base

required to support design of control rods for the Fast Flux Test Facijity

(FFTF) (Figure 1) and the Clinch River Breeder Reactor Plant (CRBRP). At the

beginning of this program there were essentially no performance data for neu-

tron absorbing material in large fast reactors. Only a small amount of infor-

mation was available from cursory examinations of oins from EBR-II absorber

assemolies.

Many materials (see Figure 2) were considered including boron carbide, tanta-

lum, europium sesquioxide, gadolinium oxide, dysprosium oxide, samarium oxide,

rhenium and tungsten. Reactivity worth, cost and availaoility considerations

were used to reduce the number of candidate materials. Only boron carbide,

europium sesnuioxide and tantalum were seriously considered in the early

development. In later work, boron and europium were combined and europium

boride was evaluated.



The result has been the selection of boron carbide as the leading candidate

and i ts performance to date has proven satisfactory.

MATERIALS

Four materials have been considered in the U. S. for fast reactor absoroer

materials: tantalum, europium sesquioxide, europium boride, and boron car-

bide. Due to its lack of radioactive reaction products and the design flexi-

bility afforded by 8 enrichment, boron carbide has emerged as the absorber

material for fast reactor control rods in the U. S. Early in their develop-

ment, the first three materials showed less favorable performance characteris-

tics, and all have been relegated to secondary consideration. The current

absorber testing and performance program focuses on boron carbide.

In the early stages of the materials evaluation, boron carbide and europium

sesquioxide were compared. Their structure and properties are reviewed in

Table 1. Monoclinic europium sesquioxide -..'as selected because of its rela-

tively higher density which provided a reactivity worth advantage over the

cubic form. As shown in Figures 2 and 3, however, boron carbioe is equivalent

to or better than europium sesquioxide for absorber volume fractions greater

than 302. Since boron carbide can oe enriched in B, it clearly has a

reactivity worth advantage over europium sesquioxide. Because europium ses-

quioxide absoros neutrons without producing gas, the design, performance, and

cost of control elements using it would be somewhat more straightforward. A

design was based on expected nuclear neating rates, with a peak pellet center-

line temperature between 700" and 950°C and a control element "lifetime of at

least 2 years. Factors such as adequate initial nuclear worths, pellet dimen-

sional stability and decay heating, were key problem areas in the aesign.

Measurements of the initial worth of a europium oxide control element were

conducted to confirm the relative worth of boron carbide and E u ^ .

TABLE 1

COMPARISON OF STRUCTURE AND PROPERTIES OF MONOCLINIC

Property

Structure Type
o

Lattice Parameter, A

Theoretical Density, g/cm3

Absorber Cation Density, atoms/cm3

Free Enerqy of Formation, kcal/mole
at 25*C

727*C

Melting Point, *C

Specific Heat, cal/mole/'C
0-800*C

Liiear Coefficient of Ther.-nal
Exoänsion, "Cr* (x 10"^)

30- 340*C
0-10C0'C
0-1200*C

Thermal Conductivity, W cm-'C
at 25'C

1000'C

Young's Modulus, psi (x lO"**)

Eu2O3

Monoclinic

aQ - 14.03

bQ =, 3.56

cQ = 8.76

s = 100.9*

8.18

2.80 x 10 2 2

-372
-322

-2300

33.3

10.5
10.35
20.3

3.42
2.38

4.5

Eu2O3 AND B4C

B4C

Rhombohedral

aD . 5.167

afi = 65.60*

2.51

2.17 x 10 2 2

-12.55 (527*C)
- 8.68 (2227*C)

2350-2500

16.6 (260*C)

4.5 (25-300*C)
5.54 (25-10O0*C)
6.02 (25-15OO"C)

33.5 ( 25*C)

12.5 caoo'c
65



Europium boride was later considered as an alternative to boron carbide for

use as the absorber material in fast neutron reactors. In Table 2, some per-

tinent features of europium boride (EuBg) are compared to those of boron

carbide and europium sesquioxide. Recent reviews of absorber materials

[Schwetz et al., ' Murgatroyd et al./ ' and ßirney et al.'3'] pointed out

that europium boride possesses a higher reactivity worth per unit volume than

either boron carbide or europium jesquioxide (see Table 2). Like boron car-

bide, europium boride can be enriched in B leading to major improvements

in reactivity worth. For instance, a 60S improvement over europium sesqui-

oxide was noted with 505 8 enriched europium boride as shown in Table 2.

TA8LE 2

COMPARISON OF EuB6, Eu2O3 AND B4C

Material B4C EuB6

Reactivity Worth

Relative Reactivity in LMFBR
Control Rod

Natural Boron

50% 10B

Thermal Performance

Thermal Conductivity (W/cnf K)

Center l ine Temperature *C
(1.9 cm 00 Pin)

Melting Point

Radial aT (#C)

Linear Thermal Expansion
Coeff ic ient ("C"1)

1.0

1.4

0.27

1150

2450

250

5.7 x 10" f i

1.13

1.6

0.28

1060

2580

135

7.4 x 10"6

0.98

0.S8

0.03

1300

2050

945

10.3 x 10"5

It was also noted that europium boride and boron carbide possess better ther-

mal properties than europium sesquioxide. With almost an order of magnitude

greater thermal conductivity, europium boride will reach much lower centerline

temperatures than europium oxide. Lower predicted operating temperatures,

coupled with a high melting point, are indicative of the excellent thermal

performance expected for europium boride. The higher thermal conductivity of

europium boride is reflected in lower radial temperature gradients witnin the

pellets and, hence, lower thermal stresses. Although tantalum was considered

to be a candidate material a decade ago, its relatively low reactivity worth

and intense radioactivity after irradiation relegated it to a backup role in

the program.

A comprehensive irradiation testing program to characterize tne candidate

materials' performance has been carried out in EBR-II. Because it has always

been the leading candidate, boron carbide has been tested most extensively. A

series of boron carbide tests were performed in EBR-II using both standard

hardware and more sophisticated capsule designs. A total of ten non-

instrumented tests have been conducted covering a broad spectrum of material

and environmental variables. In these tests the boron carbide has been

irradiated at temperatures from 550' to 1550*C to burnup levels spanning the

range 4 to 165 x 10 captures/cm . In addition, instrumented tests were per-

formed to characterize the helium release behavior of boron carbide as a func-

tion of measured temperature. To do this, small capsules were monitored

continuously for helium pressure and temerature. There were two instrumented

materials irradiation tests in EBR-II. The tests are characterized as follows:

BICM-1 BICM-1

18 capsules

il75'F to 1530"F

20 - 82 x 10 2 0 capts/cm3

80S, 92%, 99% theoretical density

20%, 50?, 92S 10B in boron

8 urn, 15 pm, 28 urn grain size

4.0, 4.3, 6.5 B to C ratios

9 capsules

1370*F to 2000"F

16 - 63 x 10 2 0 capts/cm3

Thus, the data base covers irradiation temperatures of 550" to 1550*C and

burnup levels as high as 165 x 10 captures/cm3.

Limited testing of europium sesquixoide has also been conducted in EBR-II.

Pellets were irradiated at temperatures from 7OO'C to 155O*C to fluences of

0.2 xlO22 to 6 x 10 2 2 n/cm2 (E>0.1 MeV). The pellets with cubic crystal



structure exnibited good stability but the monoclinic pellets evidenced a con-
siderable amount of cracking. In the only test of europium hexaboride,pellets
were irradiated at temperatures up to 800"C. Radial crack networks covered
the surface of the pellets and several were bonded togetner. Also, it was
noted that the stainless steel end spacers were bonded to the adjacent euro-
pium boride pellet after irradiation. The surface of these pellets appeared
metallic when removed from the pin, but they subsequently turned white. It
should be remembered that these pellets were thought to contain excess euro-
pium. After 44 x 10 2 0 captures/cm3, additional excess europium was pres-
ent. The presence of free europium metal on the surface of the pellets thus
appeared to be a logical explanation for the metallic coating. The bonding of
pellets and end-cap was also thought to be caused by free europium. The melt-
ing point of pure europium metal is only 826"C, and vapor pressure differences
were sufficient to account for differences in behavior at the two irradiation
temperatures. Fortunately, boron carbide has performed well to burnups of
165 x 10 captures/cm and use of an alternative material has not been
required.

Since the FFTF went critical in February 1980, control rods and absorber test
pins containing boron carbide have been in the core. One control rod has oeen
removed and shipped to a hot-cell for examination

Results coming from instrumented FFTF test pins indicate that the predicted
reaction rates are generally similar to or higher than the observed rates for
in-core pins and generally similar to or lower than observed rates for
above-core pins. They have also provided on-line helium release measurements
in a prototypic LHFBR Core.

CONCLUSIONS

Results of extensive testing and evaluation have supported the initial selec-
tion of boron carbide as the leading absorber material. Performance to date
has precluded the need for an alternative absorber material.
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RELATIVE REACTIVITY WORTH OF ABSORBER MATERIALS IN
AN FTR CONTROL ROD

RELATIVE
ABSORBER
MATERIAL

BORON CARBIDE

(20% 10B IN B)

EUROPIUM SESQUIOXIDE

EUROPIUM SESQUIOXIDE
TUNGSTEN CERMET (10%
TUNGSTEN)

EUROPIUM HEXABORIDE

(20% 10B IN B)

TANTALUM

RHENIUM*

REACTIV
WORN

1.0

0.98

0.91

1.13

0.75

~ 1.3

FIGURE 1. Fast Flux Test Facility.

•NOT AVAILABLE IN QUANTITIES CONSISTENT WITH ITS USE AS AN
ABSORBER MATERIAL IN BREEDER REACTORS

Relative Reactivity Worth of Absorber Materials in an FTR Control Rod.

FIGURE 2.
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Relative Reactivity Worth of Natural Boron Carbide and Europium Oxide.
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FIGURE 3. Japan

63

Mr. Norikazu Komada
Engineer

Nuclear Fuels and Material Research

Division

Nuclear Energy Research Department

Mitsubishi Metal Research Institute
Mitsubishi Metal Corporation
Ohteoachi 1-5-2
Chiyoda-ku, Tokyo 100

Mr. M. Koyama
Assistant Senior Engineer

Fast Breeder Reactor Development

Project
Power Reactor and Nuclear Fuel
Development Corporation

Sankaldo-Building
Akasaka 1-9-13, Minato-ku
Tokyo 107


