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Development of Carbon/Carbon Composite Control Rod for HTTR (II)
— Concept, Specifications and Mechanical Test of Materials —

Motokuni ETO, Shintaro ISHIYAMA, Kiyoshi FUKAYA,
Tamotsu SAITO, Masahiro ISHIHARA™ and Satoshi HANAWA*

Department of Materials Science and Engineering
Tokai Research Establishment
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received January 5, 1998)

A concept and specifications of carbon/carbon composite (C/C) control rod were proposed, aiming

at the application of the material to the HTTR. The outer diameter and length of the control rod were

» kept as the same as those of the present control rod, i.e., 113 mm and 3094 mm, respectively. According
to the concept, the rod consists of ten units which are connected in series using bolts. Then, the
stresses generated by dead loads in the control rod elements were estimated and compared with the
design strengths which were derived from the results of measurements of tensile, compressive, bending
and shear strengths of two candidate materials, AC250 (Across Co.) and CX-270 (Toyo Tanso Co.).
Design strength was preliminarily determined as one-third or one-fifth of the mean strength. Ratio of

the design strength to generated stress for the AC250 (2D) was : Tensile stress in the outer sleeve

tube, 66, tensile and shear stresses in the M16 bolt, 8.8 and 8.5, shear stress in the plug support bolt
| M8, 2.43. These results are believed to indicate the mechanical integrity of the control rod structure.

Data available on the candidate materials were also compiled in the Appendix.

Keywords: C/C composite, Control Rod, HTTR, Strength, Young’s Modulus.
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1. INTRODUCTION

High Temperature Engineering Test Reactor (HTTR) has been under
construction at JAERI, Oarai Research Establishment since 1990 and is
supposed to attain criticality in the near future. The core of the reactor
consists of arrays of stacked fuel or replaceable reflector blocks made of
nuclear graphite. In the normal operation condition the maximum
temperature of the graphite blocks will be around 1300°C when the
temperature of the helium coolant is 950°C at the outlet [1]. In order to
control the reactivity, control rods are to be inserted into appropriate holes
in the core and reflector blocks. In the event of a scram the rods are
inserted into the core taking advantage of the gravity. Nine out of 16 pairs
of control rods in the reflector region are inserted immediately at the time
of scram, while the other seven pairs in the core region are to be inserted
40 minutes later when the temperature of coolant at the outlet becomes
lower than 750°C. The two step inserting procedure is employed mainly for
the purpose of preventing the control rod sleeves in the core region from
overheating. Figure 1 shows an overview of the present control rod system
to be applied for the HTTR. The control rod sleeves are made of Alloy

.800H. Table 1 summarizes the condition in which the control rods are
operated in the reactor.

Since the carbon-carbon (C/C) composite material is believed to be
the more heat-resistant than Alloy 800H, it would lesson the restriction
imposed on the reactor control procedure, if the control rod sleeve which
accommodates boron carbide/carbon pellets is to be made of the composite
material. The prominence of the C/C composite has been widely recognized
as a high-strength heat-resistant structural material. Effect of neutron
irradiation on thermal, mechanical and other properties of the composite
has been extensively examined by a number of investigators [2-9] so that
the data of the material have been accumulated fairly abundantly enough
to commence to ponder on its application to high temperature components
of nuclear facilities.

In consideration of this situation a concept of control rod of C/C
composite was proposed in quest of the even better performance of the rod
for the HTTR [10]. On the basis of the concept, several elements for the
control rod were preliminarily prepared from C/C composites and their
mechanical strength have been tested both before and after neutron
irradiation [10]. The results of the test indicated that the application of C/C
composite to the control rod structure was promising. The more systematic
effect for the development of C/C composite control rod have been made

— 1 -
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on the basis of the result. This report summarizes the results of the above
efforts toward the realization of C/C composite control rod for the HTTR.

2. PROCEDURE FOR THE DEVELOPMENT OF C/C COMPOSITE CONTROL ROD
AND ITS STRUCTURE CONCEPT

There are quite a few steps to be taken towards the actual usage of
C/C composite control rod in the HTTR. These steps include (1) conceptual
design, (2) structural design criteria (Analytical code and material
database), (3) strength tests on control rod elements, (4) insertion
performance test on mock control rod, (5) scram reliability test on mock
control rod and (6) detailed design. Among these steps the following R & D
were carried out in 1997. With regard to item (1), the kind and level of
stresses to be generated were estimated on a preliminary concept of
control rod structure. With regard to item (2), preparation of key elements
such as outer and inner sleeves and middle and large size bolts was carried
out by two potential manufacturers. Moreover, several mechanical strength
tests were carried out towards the establishment of database for the
material properties. Table 2 summarizes the data requirements for the
design of control rod.

Figure 2 shows the concept of the control rod structure. Elements
prepared during 1997 are shown in Fig. 3 (a) through (f). The total length
and the diameter of the outer tube of the C/C control rod are the same as
those of the present control rod of the HTTR. The C/C control rod differs
from the present one in the connecting mechanism : The rod consists of ten
single sleeves connected in series with each other. Between the outer and
inner sleeve tubes compacts of the reactivity controlling material, boron
carbide, are to be accommodated. The connecting mechanism consists of
the lid supporting plates, upper lids, lower lids, M8 bolts and M16 bolts.
The total length of the rod will be 3094 mm.

3. STRESSES GENERATED IN THE ELEMENTS OF A CONCEPTUAL CONTROL
ROD AND COMPARISON WITH MATERIAL DATA

3.1 Estimation of Stresses
The weight of the whole control rod mentioned above, including the
reactivity controlling material, is estimated to be 55 kg. Here, stresses
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generated in the elements are estimated for the case that the dead-weight
is loaded to the upper joint of the control rod.

Tensile stress generated in the cross-section of the inner sleeve tube
is estimated as about 0.4 MPa on the assumption that a load of 55 kg is
applied to the whole cross-section. Similarly tensile stress generated at the
connecting bolt M16 is to be about 3 MPa. It is believed that a shear stress
will be generated at the top part of M16 bolt. This shear stress will be
about 0.4 MPa on the assumption that 55 kg are loaded to the top part of
the bolt and the load is sustained by all the threads. Shear stress to be
generated at the four lid supporting plug bolts M8 is to be about 3 MPa for
each bolt.

3.2 Comparison with Material Data

Preliminary evaluation of the integrity of the rod elements is carried
out for the stresses estimated above. The material data shown below,
which are based on the results of strength tests are employed here. The
details of these results will be described in the next section.

Element Reference Material Design strength (MPa)
sleeve tube AC250 2D Tensile 26.4
M16 Bolt AC250 2D Shear 3.5
M8 Bolt AC250 2D Tensile 20.7
Shear 7.3

On the basis of the above values, the safety margin for the sleeve
tube is estimated as 26.4/0.4=66. Similarly, the margins for tensile stress
in M16 bolt and for shear stress at the top part of the bolt are 26.4/3=8.8
and 3.5/0.4=8.5, respectively. The margin for the lid supporting plug M8
bolt is 7.3/3=2.43. These calculations indicate that the structural integrity
of the control rod will be maintained on the basis of the present concept.

4. CHARACTERIZATION OF MATERIALS

Mechanical strength tests were carried out. in order to obtain the
data on properties of C/C composite materials which may be used for the
control rod. In this section the results of the tests are summarized to show
the basis for the design strength values which were employed in the
previous section.
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4.1 Materials, Specimens and Tests

Two C/C composite materials were selected as candidates here. These
were AC250 (2D and UD) of Across Co. and CX-270 of Toyo Tanso Co.
Bundles of carbon fibers containing matrix material were formed into a
preformed yarn coated with resin. As-received yarns or sheets prepared
by weaving yarns were hot-pressed to obtain a pre-carbonization product.
Then, the product was carbonized and graphitized, being followed by
machining.

Specimens for the tensile tests were plate-type ones 2.2 mm in
thickness and 25 mm in length. The loading direction was parallel to the
fiber orientation. Strain rate was 8 X 10-4/s. Compressive tests were done
on specimens of 10X10x 10 mm at a strain rate of 8X10 4/s, Compressive
loading axis was perpendicular to the fiber orientation. Three-point
bending tests were done on specimens, 2 mm in thickness and 15 mm in
width, at a cross-head speed of 0.5 mm/min. The bending load was applied
perpendicularly with the fiber orientation. The span was 80 mm. Shear
strength tests were done on specimens, 2 mm in thickness and 6 mm in
width, with the loading axis parallel to the fiber orientation at a loading
rate of 0.1 mm/min. The span was 8 mm.

4.2 Results of the Tests

The data obtained from the above tests are shown in the Appendix of
this report. Figures 4 to 7 show the results of tensile, compressive, bending
and shear strength tests on AC250 materials, respectively. It is apparent
that the unidirectional material (UD) displays the larger values for all the
tests but compressive one. It is found that compressive strength of UD
material is much smaller than that of 2D one, about a quarter of its own
tensile strength. In the case of 2D material, the compressive strength is
about two thirds of its own tensile strength. Since the control rod
components are subject to various types of stresses, 2D material is
believed, generally speaking, to be more appropriate for the control rod
use. It is to be noted that, different from the nuclear graphite, the
compressive strength is smaller than tensile one both for UD and 2D, and
that the bending strength is not so much larger than the tensile one as is
the case for the nuclear graphite where bending strength is 1.5 to 2 times
larger than tensile one.

Figures 8 and 9 show the results of the compressive and bending
tests on CX-270 material, respectively. Compressive strength in the
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transverse direction is, as is the case for AC250, much smaller than the
bending strength. With regard to the effect of fiber orientation on the
compressive strength, the parallel specimens display about 2.5 times larger
values than the transverse ones.

Young's modulus of the AC250, UD and 2D, is shown in Fig. 10 where
one can see the distribution of the values on the normal probability paper.
Two facts are found in the figure : (1) Tensile Young's modulus is the larger
than the bending one which is obtained from the stress-strain relationship
on the tensile side of the bending specimen, and (2) the modulus of the UD
is 2 to 2.5 time larger than that for 2D material. These results seem to be
explained reasonably by taking into account the facts that (1) there is a
stress gradient along the loading axis during bending test, i.e., the actual
stress value in the vicinity of the external surface is smaller than the
uniform tensile test, and (2) the number of fibers in the loading direction is
larger for UD than for 2D.

Figure 11 shows the results of the measurement of electrical
resistivity as a function of density for CX-270. It is to be noted that the
density of the material can be controlled within +3%, and that the
resistivity is well correlated with the density in a linear equation. With
regard to the density dependence of the strengths, the bending strength of
CX-270 seems to be expressed by two linear equations which hold for
above and below 1.58 g/cm3, respectively. This is seen in Fig. 12. As for
the compressive strength of CX-270, it is to be noted that there is almost
no dependence on the density, which is seen in Fig. 13.

4.3 Design Criteria for the Strength of C/C Composites

It has not been agreed upon the method in which one can determine
the design criteria for the strengths of the C/C composite. Here, to
determine preliminary values for the strengths measured for the two C/C
composite materials, safety factor of 3 or 5 was multiplied to the mean
value of each strength. The calculated values are summarized in Table 3.
These values were employed when stresses generated in the elements of
control rod were evaluated in Section 2. Material properties which have
been collected as of the end of 1997 are compiled in the Appendix of this
report.

S. SUMMARY AND FUTURE WORK
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Towards the development of C/C composite control rod for the HTTR
a structural concept of control rod was proposed and the stresses
generated in its elements were preliminarily evaluated. Strength tests such
as tensile, compressive, bending and shear were done on C/C composite
materials, AC250 and CX-270, to obtain material data which were to be
used for the above-mentioned evaluation of stresses. Moreover, the data
which are available as of the end of 1997 have been summarized in the
Appendix of this report. Further work necessary for the development of
C/C composite control rod is believed to be as follows:
(1) Establishment of the database for candidate materials: There are strong
needs for the mechanical and thermal properties data at higher
temperatures as well as the irradiation data including irradiation creep.
(2) Fabrication technology for the rod elements should be established and
their mechanical integrity is to be confirmed.
(3) Design of the rod should be made in the more detailed manner in
accordance with the process in which the material database progresses
toward the completion.

The authors intend to proceed step by step towards the final goal on
the basis of the collaboration between the Departments of Materials
Science and Engineering and HTTR Project.
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Fig. 1 Reactivity control system of the HTTR.
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Fig.4 Normal distribution plots of the tensile strength of AC250,
unidirectional (UD) and 2-directional (2D).
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Fig. 5 Normal distribution plots of the compressive strength of AC250,
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Fig. 8 Normal distribution plots of the compressive strength of CX-270.
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Fig.9 Normal distribution plots of the bending strength where the
loading axis is transverse to the fiber orientation.
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Fig. 10 Normal distribution plots of the Young's modulus of AC250,
UD and 2D, obtained from tensile and bending tests.
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function of density.
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Fig. 12 Density dependence of bending strength of CX-270.
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Fig. 13 Density dependence of compressive strength of CX-270.
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