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To advance the performance and safety of High Temperature Gas-cooled Reactors 

(HTGRs), it is expected to use heat-resistant materials substitute for metallic materials in 

the core internal structural components of HTGRs at higher temperature. Carbon fiber 

reinforced carbon-carbon composite (C/C composite) is one of candidates as heat-resistant 

materials, and investigations are under going to apply the core internal structural 

components such as the control rod for the Very High Temperature Reactor (VHTR). 

This report describes the experimental results of irradiation effects on dimensional 

change coefficient of thermal expansion and elastic modulus obtained by PIE 

(Post-Irradiation Examinations) for C/C composite irradiated in 03M-47AS capsule at the 

Japan Materials Testing Reactor (JMTR).

Keywords: HTGRs, C/C Composite, VHTR, Dimensional Change, 

Coefficient of Thermal Expansion, Elastic Modulus, PIE 
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Fig.1 Core internal structural components of HTTR 1), 2)
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Fig.2 Control rod of HTGR 2)

Fig.3 Mock up with C/C composite (CX-270G)
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2.

Table 1 Cylindrical specimens for the 03M-47AS capsule in JMTR 3)

Classified Specimen Dimension (mm) Number

C/C , CX-270G-v ,rod 5×20 4 
References 

C/C , CX-270G-p ,rod 5×20 4 

   C/C : 2-dimensional carbon fiber reinforcement carbon composite. 

    v : vertical to lamina of axes. 

    p : parallel with fiber.  

Fig.4 Specimens for vertical to lamina and parallel with fiber directions. 

Vertical to lamina of axes (-v) Parallel with fiber (-p)  
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Table 2 Physical properties of CX-270G 4)

Grade 

Bulk 

density 

(g/cm3)

Electrical 

resistivity 

( m)

Bending 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Compressive

strength 

(MPa) 

// 6.5 - - 69 (2D-C/C) 

CX-270G 
1.63 

- 133 167 89 

(Graphite) 

IG-110 
1.77 11 39 25 78 

Grade 

Interlayer  

shear 

strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Coefficient 

of thermal 

expansion 

(10-6/K) 

Thermal 

Conductivity 

(W/m K)

// 81 0.2 129 (2D-C/C) 

CX-270G 
5.7 

- 10.8 26 

(Graphite) 

IG-110 
- 10 4.6 116 

  // : Parallel to lamina                 Coefficient of thermal expansion : RT-1273K 

: Perpendicular to lamina

Fig.5 Photo of CX-270G (un-irradiated) 
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2.2

Table 3 Averaged temperature of 03M-47AS 

in JMTR operation cycle #162. 3)

TC 95%_confidence interval Min( ) Max( )

#01 600±1 597 603 

#02 553±3 550 557 

#03 553±11 540 565 

#04 492±18 477 508 

#05 414±16 386 434 

#06 417±17 390 439 
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Table 4 References specimen for 03M-47AS 3)

Classified Specimen Dimension (mm) Number

SiC/SiC Composite 4.8×19 2 

SiC/SiC Composite 5×19 2 

Graphite (IG-430 Improved) 5×18 3 

Graphite (IG-110) 5×20 3 

C/C Composite(CX-270G-v)  5×20 4 

C/C Composite(CX-270G-p) 5×20 4 

Graphite (IG-430) 5×19 3 

Temperature Monitor (SiC) 5×18 3 

Temperature Monitor (Bi-Sb) 5×50 3 

C/C Composite(CX-270G-v) 10×2 4 

C/C Composite(CX-270G-p) 10×2 4 

Graphite (IG-430) 10×1.75 3 

Graphite (IG-430 Improved) 10×1.5 3 

Graphite (IG-110) 10×2 3 

Super plastic zirconium  10×1 3 

Super plastic zirconium 10×2 3 

References 

Super plastic zirconium 3×4×34 4 
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3.

3.1

3.2 

Table 5 Specification of TMA (Rigaku-8310H) 5)

Method / Range Specification 

Measurement Temperature Range RT 1500  (Common Use, RT 1400 )

Measurement Range Displacement ±2500 m, Sensitivity 250 m

Load ±100gf, Sensitivity 0.001gf

Specimen Dimension 5×20mm (Max 9mm) 

Programmable Temperature Rising 

Rate 

±0.016 (1 /hr) 100 /min

Measurement Mode Expansion Measurement 

(Compression measurement) 

Cooling Method Built-in Cooling Unit (Air-cooling Fan) 

Output Signal Temperature, displacement, Load,  

Differential Calculus Signal (Analog/Digital) 

Atmosphere Gas / Flow Quantity Inert gas (He , N2), 0 250 (ml/min)  

Power Supply AC100V, 1.2KVA-50Hz 
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3.3 

Table 6 Specification of Ultrasonic flaw detection equipment  

(KRAUTKRAMER JAPAN USI550)  

Method / Range Specification 

Measurement Range 2.5mm 9700mm 

Velocity of Sound 500 15000m/s

Transmission Unit Spike Pulse 

Reception Frequency Range 0.5 20.0MHz 

Rectify Full Wave, Positive Half-wave,  

Negative Half-wave, RF 

Rejection 0 90% 

Flaw Detection Mode Single Mode / Dual Mode 

Gain 0 110dB, 0.5dB Step 

DAC TCG 40dB Dynamic Range, 6dB/ s

Power Supply AC100V 

Operating Temperature 5 35
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4.

4.1

Table 7 Irradiation-induced dimensional change rate (irradiated / un-irradiated) 

Sample Name Direction Size (mm) Change rate of 

O.D. (%) 

Change rate of 

Length (%) 

CX-270G_v, rod 1 5×20 -0.600 -0.140 

CX-270G_v, rod 2 5×20 -0.819 -0.015 

CX-270G_v, rod 3 5×20 -0.700 -0.040 

CX-270G_v, rod 4 5×20 -0.620 -0.030 

Vertical 5×20 -0.602 
CX-270G_p, rod 1 

Parallel 5×20 -0.340 
-0.615

Vertical 5×20 -1.040 
CX-270G_p, rod 2 

Parallel 5×20 -0.060 
-0.620

Vertical 5×20 -0.504 
CX-270G_p, rod 3 

Parallel 5×20 -0.320 
-0.415

Vertical 5×20 -0.602 
CX-270G_p, rod 4 

Parallel 5×20 -0.160 
-0.465

4.2 
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Fig.11 Irradiation-induced change rate of coefficient of thermal expansion 

(irradiated / un-irradiated, 50-400 )

Fig.12 Irradiation-induced change rate of coefficient of thermal expansion 

(irradiated / un-irradiated, 50-1000 )
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Fig.13 Irradiation-induced change rate of coefficient of thermal expansion 

(irradiated / un-irradiated, 50-1350 )
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4.3

Table 8 Irradiation-induced elastic modulus change rate (irradiated / un-irradiated) 

Change rate of material 

velocity 

Change rate of Elastic 

modulus 
Sample Name 

Longitudinal 

wave

Transverse 

wave

Change 

rate of 

Poisson's 

ratio

Calculating 

formula (1) 

Calculating 

formula (2)

CX-270G_v, rod 1 1.178 1.173 2.125 1.415 1.422 

CX-270G_v, rod 2 1.096 1.099 0.250 1.210 1.215 

CX-270G_v, rod 3 1.122 1.086 8.125 1.250 1.242 

CX-270G_v, rod 4 1.122 1.123 0.625 1.259 1.265 

CX-270G_p, rod 1 0.799 1.006 0.675 0.614 0.958 

CX-270G_p, rod 2 0.777 1.006 0.623 0.615 0.989 

CX-270G_p, rod 3 0.858 1.016 0.790 0.670 0.999 

CX-270G_p, rod 4 0.876 0.928 0.942 0.764 0.912 
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1024 10-1 d
1021 10-2 c
1018 10-3 m
1015 10-6 μ
1012 10-9 n
109 10-12 p
106 10-15 f
103 10-18 a
102 10-21 z
101 da 10-24 y

SI 

SI 
min 1 min=60s

h 1h =60 min=3600 s
d 1 d=24 h=86 400 s
° 1°=( /180) rad
’ 1’=(1/60)°=( /10800) rad
” 1”=(1/60)’=( /648000) rad

ha 1ha=1hm2=104m2

L l 1L=11=1dm3=103cm3=10-3m3

t 1t=103 kg

SI SI

SI
eV 1eV=1.602 176 53(14)×10-19J
Da 1Da=1.660 538 86(28)×10-27kg
u 1u=1 Da

ua 1ua=1.495 978 706 91(6)×1011m

SI SI SI

SI 
Ci 1 Ci=3.7×1010Bq
R 1 R = 2.58×10-4C/kg

rad 1 rad=1cGy=10-2Gy
rem 1 rem=1 cSv=10-2Sv

1 =1 nT=10-9T
1 =1 fm=10-15m
1  = 200 mg = 2×10-4kg

Torr 1 Torr = (101 325/760) Pa
atm 1 atm = 101 325 Pa

1cal=4.1858J 15 4.1868J
IT 4.184J

μ  1 μ =1μm=10-6m

10 SI

cal

(a)SI

(b)
rad sr

(c) sr
(d)
(e)

(f) activity referred to a radionuclide ”radioactivity”
(g) PV,2002,70,205 CIPM 2 CI-2002

CGS SI

a amount concentration
substance concentration

SI 

Pa s m-1 kg s-1

N m m2 kg s-2

N/m kg s-2

rad/s m m-1 s-1=s-1

rad/s2 m m-1 s-2=s-2

, W/m2 kg s-3

, J/K m2 kg s-2 K-1

J/(kg K) m2 s-2 K-1

J/kg m2 s-2

W/(m K) m kg s-3 K-1

J/m3 m-1 kg s-2

V/m m kg s-3 A-1

C/m3 m-3 sA
C/m2 m-2 sA
C/m2 m-2 sA
F/m m-3 kg-1 s4 A2

H/m m kg s-2 A-2

J/mol m2 kg s-2 mol-1

, J/(mol K) m2 kg s-2 K-1 mol-1
C/kg kg-1 sA
Gy/s m2 s-3

W/sr m4 m-2 kg s-3=m2 kg s-3

W/(m2 sr) m2 m-2 kg s-3=kg s-3

kat/m3 m-3 s-1 mol

SI
SI 

m2

m3

m/s
m/s2

m-1

kg/m3

kg/m2

m3/kg
A/m2

A/m
(a) mol/m3

kg/m3

cd/m2
(b) 1
(b) 1

SI
SI

SI SI

( ) rad 1 m/m
( ) sr(c) 1 m2/m2

Hz s-1

N m kg s-2

, Pa N/m2 m-1 kg s-2

, , J N m m2 kg s-2

W J/s m2 kg s-3

, C s A
, V W/A m2 kg s-3 A-1

F C/V m-2 kg-1 s4 A2

V/A m2 kg s-3 A-2

S A/V m-2 kg-1 s3 A2

Wb Vs m2 kg s-2 A-1

T Wb/m2 kg s-2 A-1

H Wb/A m2 kg s-2 A-2

( ) K
lm cd sr(c) cd
lx lm/m2 m-2 cd
Bq s-1

, , Gy J/kg m2 s-2

, ,
, Sv J/kg m2 s-2

kat s-1 mol

SI
SI 

SI 
bar bar=0.1MPa=100kPa=105Pa

mmHg 1mmHg=133.322Pa
=0.1nm=100pm=10-10m

M=1852m
b b=100fm2=(10-12cm)2=10-28m2

kn kn=(1852/3600)m/s
Np

dB       

SI SI

m
kg
s
A
K

mol
cd

SI
SI 

SI
erg 1 erg=10-7 J
dyn 1 dyn=10-5N
P 1 P=1 dyn s cm-2=0.1Pa s
St 1 St =1cm2 s-1=10-4m2 s-1

sb 1 sb =1cd cm-2=104cd m-2

ph 1 ph=1cd sr cm-2 104lx
Gal 1 Gal =1cm s-2=10-2ms-2

Mx 1 Mx = 1G cm2=10-8Wb
G 1 G =1Mx cm-2 =10-4T
Oe 1 Oe   (103/4 )A m-1

CGS
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