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To advance the performance and safety of HTGR, heat-resistant ceramic materials are expected to be
used as reactor internals of HTGR. C/C composite and superplastic zirconia are the promising materials for
this purpose.

In order to use these new materials as reactor internals in HTGR, it is necessary to establish a
structure design method to guarantee the structural integrity under environmental and load conditions.
Therefore, C/C composite expected as reactor internals of VHTR is focused and an investigation on the
structural design method applicable to the C/C composite and a basic applicability of the C/C composite
to representative structures of HTGR were carried out in this report. As the results, it is found that the
competing risk theory for the strength evaluation of the C/C composite is applicable to design method

and C/C composite is expected to be used as reactor internals of HTGR.

Keywords: HTGR, VHTR, C/C Composite, Structural Design Methodology

Present study is the result of "The quantitative demonstration of HTGR inherent safety features" entrusted

to the Japan Atomic Energy Agency by the Ministry of Education, Culture, Sports, Science and Technology
of Japan (MEXT).
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Fig.2.1 Core components, reactor internals and reactor pressure vessel of the HTTR
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Fig.2.2 Structure of core support components.
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Table3.2 Parameter for stress analysis

(13)

Modulus of Modulus of transverse
Direction longitudinal elasticity Poisson's ratio elasticity
(GPa) (GPa)
pl 106.5 0.12 47.5
pp 0.8 0.74 -

(pl) parallel to lamia, (pp) perpendicular to lamia

Table3.3 Model parameters of CX-270G for strength evaluation with competing risk theory

Scale Shape Volume of
Mode Direction arameter : Factor
p parameter specimen F
op(MPa) m; (mm®) ’
, pl 227 21.8 625(5%5%25) 1.34
Tensile
pp 19 1.94 625(5%5%25) 2.73
i pl 110 22.9 500 1.31
Compressive
pp 220 11.4 500 1.72
Inner shear - 31 8.9 28( ¢ 6%1) 1.45
Inter shear - 8.4 27.9 28( ¢ 6%1) 1.16

(pl) parallel to lamia, (pp) perpendicular to lamia

Scale parameters are standard volume (at 1mm’).

e-{5)

Vi : Volume of specimen (mrn3)

Table3.4 Comparison of tensile strength from competing risk theory with experimental results

Off-axis = 0° Off-axis = 45°
Experiment | Tensile strength (MPa) 165.3 349
Competing | Tensile strength” (MPa) 161 55.5
risk theory | Risk of rupture (tensile:pp) 0.683 0
Risk of rupture (inner shear) 0.010 0.693
Risk of rupture (inter shear) 0 0

“Fracture probability = 0.5
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Table3.5 Test condition for constant load test at high temperature

Specimen No. Stress (MPa) Temperature (C)
50 144(90%) 853
152(95%) 853
61 144 847
62 144 847
64 144 851
65 144 844
152 844
156(97.5%) 844
69 152 843
156 843
160(100%) 843
70 152 851
152 847
156 847
160 847
71 152 847
156 852
160 852

Table3.6 Test condition for thermal cyclic load test at high temperature

Specimen No. Stress (MPa) Temperature (C)
73 152 857
74 152 848
76 152 853
79 152 859
82 152 863
83 144 858
91 144 861
92 144 861
93 144 862

Table3.7 Concept of design standard for ceramics materials

graphite

2D-C/C composite

Superplasic zirconia

Temporary load

Maximum principal stress

theory

Competing risk theory

maximum principal stress
theory

Continuous load

Irradiation creep

Irradiation creep

Irradiation creep

Cyclic load

Fatigue limit

Fatigue limit

Fatigue limit

Environmental effect

Oxidation

Oxidation

Reduction
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Carbon fiber cloth

PAN-based high strength type, 6K plain weave
BR#HOR gh strength type, 6K p

PANRBMES T, 6KF@®Y

Elimination sizing agent
YA TRIOBRE

A

Phenolic resin
Tz/—L#E

30~50mass% %ﬂjptg&
Cutting and molding
3 BN - Y
7}?;;firlnl. 2-dimensional
] 2T
Baking

T

] Densification by impregnation
Pitch . BRICLLIEEEIL
EvF v

Baking

. — High-temerature treatment .
High purification . EeMInE 2800~ 3000°C

LR

~5ppm

2D-C/C composite
—ETRERERBLRREEH

Vf: ~50%
d=1.6g/cm?

CX-270G

Fig.3.1 Manufacturing process of CX-270G""
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Fig.3.2 Comparison of tensile strength evaluation by three theories
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Fig.3.3 An example of discontinuous structure
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95% of fracture load (152MPa)
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Fig.3.4 Constant load test of C/C composite at room temperature
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Fig.3.5 Constant load test of C/C composite at high temperature (1/2)
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Fig.3.5 Constant load test of C/C composite at high temperature (2/2)
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Data name : 11_08 24.0ls
Comment :

1920.00

Fig.3.6 Laser microscope image of C/C composite before constant load test (2/2)
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Fig.3.7 Laser microscope image of C/C composite after constant load test (1/2)

Data name : 11_25_36.0ls
Comment :

1820.00

Fig.3.7 Laser microscope image of C/C composite after constant load test (2/2)
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Fig.3.8 Laser microscope image of rupture C/C composite specimen
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Fig.3.9 Thermal - cyclic - load test of C/C composite at high temperature (1/3)
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Fig.3.9 Thermal - cyclic - load test of C/C composite at high temperature (2/3)
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Fig.3.9 Thermal - cyclic - load test of C/C composite at high temperature (3/3)
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Table4.1 Material properties of graphite and C/C composite for thermal stress analysis

. . Graphite )
Material properties ) C/C composite (CX-270G)
(IG-110 graphite)
) 106.5 (pl)
Elastic moduls [GPa] 9.4
0.8 (p)
Shear moduls [GPa] 42 3.0
Poisson’s ratio 0.11 0.12
2.0x107 (pl
CTE [1/°C] 43x10° X107 (o)
10.8x10™ (pp)

(p)) parallel to lamia, (pp) perpendicular to lamia

Table4.2 Parameters for the analysis of optimal thickness

of C/C composite

Thickness of C/C composite 2mm, 10mm, 30mm,
50mm
Temperature at the inner surface
600°C
of reflector block
Temperature at the outer surface
510°C

Table4.3 Parameters for the analysis of thermal stress

Thickness of C/C composite

10mm, 30mm

Gap between reflector block

and core restraint

Omm, 3mm, 6mm

Temperature at the inner surface
of reflector block

600°C

Temperature at the outer surface
of C/C composite

510°C
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Table4.4 Relationship between circumferential stress and thickness or gap

Thickness of C/C Gap (mm) Circumferential Restraint force | Circumferential stress
composite stress (kN) /Tensile strength
(mm) (MPa) (R.)
0 159 1270 159/167
10 3 102 816 102/167
6 44 350 44/167
0 102 2470 102/167
30 3 67 1610 67/167
6 31 740 31/167
Reflector block
(graphite)
Connecting key

Reactor

pressure vessel
~N

Fig.4.1

Core restraint
(C/C composite)

Proposed core restraint mechanism made of C/C composite for VHTR
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/ | _ ¢ 3750 | )
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i j )
| \ {
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Fig.4.2 Analytical model for thermal stress analysis
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Fig.4.3 Relationship between thickness and restraint force of restraint and compressive stress of
reflector block
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Fig.A.1 Relationship between fiber direction and off-axis angle
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