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Abstract

Data on NSC KIPT developments of absorber composites B4C-PyC and B4C-SiC are reported. Results of prereactor
studies and reactor tests of absorber composites developed are given. It is shown that the B4C-PyC composites have a high
radiation resistance at temperatures up to 1250°C.

1. INTRODUCTION

The NSC KIPT has been engaged in the development of absorber composites and products
based on them for reactivity compensation system elements of high-temperature gas-cooled reactors
and fast reactors since the sixties. The processes developed to produce absorbing composites and
items rely on the original technology making use of the methods of volumetric gas phase densification
of porous media with pyrocarbon [1-6]. This paper reports the results from studies into basic
characteristics of B4C-PyC and B4C-SiC produced by the gas phase technology, and also, their
behaviour under neutron irradiation conditions.

2. B4C-SiC COMPOSITE

Potential corrosion-resistant materials, capable of operating in an oxidizing environment under
reactor radiation conditions at temperatures between 800 and 1300°C, are the composites based on
silicon carbide (fast reactor design with a dissociating coolant N2O4) [4].

The NSC KIPT group has developed absorber composites comprising a dispersion of boron
particles in a carbide-silicon matrix (B4C-SiC composite) for nuclear reactor control rods. The
absorber materials of this type are produced in the process of binding a mixture of silicon and boron
carbide powders with pyrocarbon. After binding and mechanical treatment up to the required
parameters, the products obtained undergo heat treatment in vacuum at a temperature of about
1500°C. In the process, silicon interacts with a pyrocarbon binder to form a carbide-silicon matrix
which comprises boron carbide particles as inclusions.

The corrosion resistance of B4C-SiC composites was studied for several thousand hours at
temperatures up to 1300°C in air, water vapour environments and other reactive gas media. With time,
the oxidation rate decreases and the weight of specimens becomes invariant. No carry-over of boron
and failure of specimens were observed in the course of corrosion tests. Table I gives the reactor test
results for absorber composites B4C-SiC [4]. The results bear witness to a high radiation resistance of
the B4C-SiC composite.

The method devised to manufacture B4C-SiC products makes it possible to make intricately-
shaped control rod elements, including units with threaded joints. Figure 1 shows some products made
on the basis of B4C-SiC composite [4].
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TABLE I. REACTOR TEST RESULTS FOR B4C-SIC ABSORBER COMPOSITES [4]

Description of specimens

Dimensions

1

4x4x40 mm

2x6x24 mm

0 20 mm

1=30 mm

0 10 mm

1=15 mm

B4C
content
(natural)

%

2

0

9

16

32

47

58

46

50

45

45

45

45

B4C
particle

size

mm

3

80

80-120

~5

80-120

~ 5

80-120

~ 5

Total
density

g/cm3

4

1.65

1.72

1.82

1.80

1.87

1.84

1.75

1.75

1.95

1.95

1.95

1.95

Irradiation conditions

Temperature

°C

5

270-300

550-650

760-1070

740-1250

Fluence

n/cm2

6

7.1020

1.2.1021

(thermal)

3.6.1020

(thermal)

2.3.1021

(thermal)

10B burnup

%

7

6.5

10

71

68

Variations in size and volume after

irradiation

Diameter

%

8

+0.22

+0.28

+0.43

+0.38

Length

%

9

+0.360

+0.317

+0.242

+0.242

+0.262

-0.015

-0.28

-0.26

-0.04

-0.32

Volume

%

10

-0.15

+0.31

+0.82

+0.47

Variations

in

strength

%

11

-10(CTcp)

-9(ac p)



FIG. 1. Rod-like absorber elements manufactured through the process of hydrocarbon pyrolysis [4]



3. B4C-PyC COMPOSITE

The B4C-PyC absorber composite and the products on its basis were developed at NSC KIPT
for application in highly stressed reactivity compensation systems, mainly, in high temperature gas-
cooled reactors (HTGR) [2, 4-6]. In particular, the VGM facility, designed in the former SU with the
pebble-bed HTGR as the basis, provided for three independent reactivity compensation systems
(RCS): a) control and shield rods (CSR) that can shut down the reactor and maintain it in a subcritical
state in case of the worst possible accident [6]; b) for emergency shutdown an additional independent
ball RCS was designed, it was based on filling special channels in the lateral reflector with absorber
elements, < 10 mm in diameter; c) at the initial phase and when the reactor is brought to the
equilibrium operating conditions the excessive reactivity is compensated by spherical absorber
elements (SAE) with an outer diameter of 60 mm; these SAE are placed directly in the core together
with spherical fuel elements and empty (fuel free) elements.

As an absorbing material, the absorber elements of all three systems make use of B4C with
natural composition in boron, yet the specific content of absorber being different. Thus, for example,
the B4C content in the SAE matrix graphite is about 4.10'3 g/cm3, and in small diameter SAE and in
CSR rings is > 1.3 g/cm3. The NSC KIPT technology of manufacturing the B4C-PyC absorber
composite and its products, relies on the methods of volumetric gas phase saturation of porous media
with pyrocarbon [1-5], namely, binding the B4C powder with pyrocarbon (or mixing the graphite
powder with the required content of B4C). During the process development, both pilot specimens of
materials and products for research purposes and pilot SAE batches (2500 pieces for critical stand
"Astra") as well as ball RCS (2000 pieces for OKBM stands) were manufactured.

The metallographic sections of materials with increased absorber contents clearly exhibit the
B4C particles bound with pyrocarbon into a monolith (B4C-PyC composite, see Fig. 2) [6]. The
pyrocarbon binder has high strength characteristics [6], that eventually ensures a high mechanical
strength of the composite. The main characteristics of B4C-PyC absorber composites are presented in
Table II (1.6 g/cm3 B4C content) [2].

FIG. 2. Microstructure ofB^-PyC absorber composite
with a specific B4C content > 1.5 g/cm3, x 75 [6].
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TABLE II. MAIN CHARACTERISTICS OF B4C-PyC ABSORBER COMPOSITES
(1.6G/CM3B4C)

Characteristic

Value

Y

g/cm3

2.1-2.2

C?cp.

MPa

300-330

<*bend

MPa

80-100

X

W/m-7

10-17

a
10-67-l

4.8-5.3

It is seen from the Table that the strength of the B4C-PyC composite is rather high. As the
annealing temperature rises, the thermal coefficient of linear expansion and the electrical resistance
values decrease, and the heat conduction of B4C-PyC is nearly doubled (Figs. 3 and 4).

1c

1000 IMC

FIG. 3. Effect of annealing temperature FIG. 4. Thermal coefficient of linear expansion
on thermal conduction (1) and electrical (a) ofB4C-PyC with B4C content of 1.6 g/cm3

resistance (r) ofB4C-PyC composite [6] versus measurement temperature [6]:
1 - initial sample;

2 - annealing at 1400°C;
3 - annealing at 130(fC;
4 - annealing at 2000°C

The specimens of products were irradiated in a high flux reactor SM-2 [4, 6]. The model SAE
diameter varied between 45 and 49 mm and the loading of their 0 40mm kernels with boron carbide
was 3.9xlO"3, 3.6xlO"2 and 1.9X10'1 g/cm3, i.e. it varied by a factor of about 50.

The specimens with an increased B4C content (> 1.3 g/cm3) were of three types:
cylindrical: 0 6 x 40 mm;
bushings: 0 = 45 mm, 0 = 25 mm, H = 40 - 48 mm;
sectors cut from the bushings at an angle of 120°.

Cylindrical specimens of matrix graphite GSP and of industrially made hot-sintered B4C
(produced by pressing the powder followed by sintering) were used as reference specimens.

To study the effect of heat treatment on the radiation deformation of B4C absorbers, part of the
specimens were annealed at temperatures between 1600 and 2000°C. The post-reactor examination
revealed that the SAE underwent isotropic shrinkage, the value of which was independent of B4C
content (ranging from 3.9xlO"3 to 1.9X10"1 g/cm3), irradiation temperature and burnup of 10B. All
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experimental points showing relative diameter variations (AD/D) lie within the range of scatter
presented in Fig. 5 [6]. The variations of AD/D = f(F) for SAE are in good agreement with the
variations of Al/1 = f(F) for matrix GSP graphite specimens (see the curve in Fig. 5).

FIG. 5. Radiation deformation (AD/D) of spherical absorber elements with B4C content of
0.004 g/cm3 (O, 0, 0); 0.036 g/cm3 (A) and0.19 g/cm3 (Q versus fast neutron fluence [6]

O, A, D- initial spheres;
™- annealing at 1600°C, 6 hours;
• - annealing at 2000°C, 6 hours.

(Figures near the encircled regions denote the irradiation temperatures; the curve shows
deformation of matrix graphite GSP specimens irradiated at 1100 - 1200°C)

It should be noted that the I0B burnup in SAE relating to region C in Fig. 5 was found to be 55
and 21% for SAE with B4C content of 3.9.10"3 and 0.19 g/cm3, respectively. In SAE irradiated to a
high fluence of neutrons (see region D in Fig. 5), practically a complete burnup of 10B nuclei took
place. The annealing of SAE at 1600 and 2000°C for 6 hours has no appreciable effect on the AD/D
value, and the scatter of experimental data can be due to both the structural peculiarities (density,
pyrocarbon content) of individual SAE and their irradiation conditions.

The SAE, absorber composites based on B4C dispersions in GSP with B4C (natural) content up
to 1.6 g/cm3 were also tested in wide ranges of temperatures (300 to 1250°C) and fluences [1, 2, 4, 6].
All the materials have exhibited an extremely high radiation resistance. Even for the materials with a
B4C content of 1.6 g/cm3, irradiated at 1200 to 1250°C to 90% burnup in 10B, the dimensional changes
were no more than 1%. After irradiation, the B4C-PyC specimens remained intact, no spalling, cracks
or other defects were observed. At the same time, at similar irradiation conditions the hot-sintered
B4C specimens showed swelling: AV/V - 0.75 - 1.5% [6].

It is known [6] that the specimens of hot-pressed or hot-sintered B4C exhibit swelling under
irradiation, and the swelling value drastically increases with increasing irradiation temperature and
burnup depth. In particular, with a 10B burnup of about 5% at irradiation temperature of 900°C the
AV/V ratio reaches 30%. Therefore, the results of investigations into radiation deformation of type
B4C-PyC absorber composites, reported here and in [6], are in a way unique. The near- zero
deformation of the composites under study can be attributed to a competing action of two factors:
swelling of B4C particles and shrinkage of the pyrocarbon matrix [6].

The present results suggest that further studies are needed to clarify the applicability of B4C-
PyC absorber composite instead of a vibro compacted B4C powder in the end part of CSR of the
WWER-1000 reactor (Fig. 6).

118



1 - upper end part;
2 - upper weld;
3 - compensation volume;
4 -plug -fixing catch of absorber material;
5 - B4C-PyC absorber composite;
6 - absorber element cladding:

08.2 x0.6; 08X18H10T;
7 - lower weld;
8 - lower end part

FIG. 6. Design ofWWER-1000 absorber element proposed for further studies
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4. CONCLUSION

So, the bench and reactor tests undertaken here allow us to draw the following conclusions:

1. The B4C-PyC and B4C-SiC absorber composites have high strength characteristics;
2. Radiation deformation of B4C-PyC absorber composites with an increased B4C content

(> 1.3 g/cm3), irradiated at temperatures between 1200 and 1250°C to a 90% burnup in
10B, was no more than 1%;

3. Irrespective of a high damaging of the matrix, estimated in some experiments to be about
30 dpa [6], the absorber composites under study show an extremely high radiation
resistance and this makes them promising not only for HTGR but also for the reactors of
other types;

4. It is recommended to investigate the possibility of using the B4C-PyC absorber composite
instead of the vibration-densified B4C powder in the end part of the CSR of the WWER-
1000 reactor.
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