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Neutron irradiation remarkably reduces the thermal conductivity of graphite components in HTGR. 

The reduced thermal conductivity is expected to be recovered by annealing of irradiation-induced defects, 

when the graphite components are heated above the irradiation temperature. The annealing effect is not 

considered in the maximum fuel temperature analysis of the HTTR design from a viewpoint of 

conservative evaluation for the maximum fuel temperature. Therefore, it is expected that the temperature 

evaluation at accident conditions could be carried out more accurately with a reasonable stand point by 

considering the annealing effect. In order to advance the evaluation method for temperature analysis of 

accident in the HTGR, the annealing effect on thermal conductivity of graphite was evaluated 

quantitatively and the design curve on the thermal conductivity for graphite components of HTGR was 

proposed in this study. 

Keywords: HTGR, Graphite, Thermal Conductivity, Annealing Effect 

Present study is the result of ‘The quantitative demonstration of HTGR inherent safety features’ entrusted 
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Fig.1.1 Neutron irradiation effect on thermal conductivity of IG-110
(4)
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2.2 HTTR
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Fig.2.1 Core components, reactor internals and reactor pressure vessel of the HTTR 
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CR:Control Rod, RPV:Reactor Pressure Vessel, RSS:Reserved Shutdown System 

Fig.2.2 Horizontal arrangement of the core 
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3.

HTTR IG-110

3.1

IG-110

(JMTR) 10 4.5 (mm) Table3.1

0.20 1.5dpa 400 1200

JMTR Fig.3.1

(a) Ti

(b) Tr

(c) Tn,a (n=1,2,3, , T1,a=Ti )

(d) Tn,a

(e) Tn,a Tr

(f) Tr Tn,a

(g) (Tn+1,a) Tn+1,a = Tn,a + 100

(h) Tn+1,a

(i) Tn+1,a Tr

(j) Tr Tn+1,a

(k) Tn,a=1500 Tr

arCK =  (3-1) 

K : (W/m K)

: (Mg/m
3
)

C : (J/Mg K)

: (m
2
/s)

HTTR
(13)
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3.2

Table3.1 IG-110 (K) Fig.3.2

(K0) K/K0

0.2 0.5 550 900

1150

(Ka) Fig.3.3

(K0)

1500 400 550

80% 900 1150

40

Table3.1 Irradiation conditions of test specimen 

Irradiation temperature dpa Number 

Low temperature 

400 C

550 C
0.203

0.261

1

1

Middle temperature 

700 C

800 C

900 C

0.990

1.073

1.465

1

1

1

High temperature 

1050 C

1150 C

0.381

1.318

1

1
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n = 1

Measurement of thermal 

diffusivity at Tr

Heat up 

Cool down 

Tn, a 1500

Yes

END

No

n = n+1

Measurement of thermal 

diffusivity at Tn, a

Measurement of thermal 

diffusivity at Tr

n :Measurement cycle 

Tr :Room temperature 

Tn, a :Annealing temperature 

Fig.3.1 Flowchart of measurement procedure for annealing effect of thermal conductivity 

���������������������

���



���������������������

����

���� �� � ����� �����



10

0

0.2

0.4

0.6

0.8

1

0 200 400 600 800 1000 1200 1400 1600

Annealing temperature( )

K
a
/K

0

400 (0.20dpa) 550 (0.26dpa)

700 (0.99dpa) 800 (1.07dpa)

900 (1.47dpa) 1050 (0.38dpa)

1150 (1.32dpa)

Irradiation temperature

(Fluence)

0

0.2

0.4

0.6

0.8

1

1.2

0 200 400 600 800 1000 1200 1400 1600

Measurement Temperature( )

K
/K

0

Unirradiated 400 0.20dpa)

550 (0.26dpa) 700 (0.99dpa)

800 (1.07dpa) 900 (1.47dpa)

1050 (0.38dpa) 1150 (1.32dpa)

Irradiation temperature

(Fluence)

Fig.3.2 Thermal conductivity of irradiated graphite dependent on measurement temperature 

Fig.3.3 Thermal conductivity of irradiated graphite at room temperature  

in relation to annealing temperature 
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4.

4.1
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K

K
R a=0  (4-1) 
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K :Ti,
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iKT
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Fig.4.5 ln(R0) 1/Ta ln(R0) 1/Ta

Table4.1

q r0

R0 Q R0 Q Fig.4.6 R0 Q

R0

R0 = A + BQ (4-4) 

Table4.2 A B

4.2

Rm Rm (4-1)

m

ma
m

K

K
R =  (4-5) 
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Km :Ti, Tm
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Rm (6) Table4.3 1200

Rm Tm=20 Rm=R0 Table4.3 Rm/R0
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Table4.4 Table4.4

800

1500

Fig.4.7 Fig.4.8 1dpa 900 0.1dpa
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Table4.1 Activation energy q and frequency factor r0

Table4.2 A and B in equation (4-4) 

Table4.3 Dependence of R on measurement temperature at 1200  of annealing temperature 

Measurement 

temperature( )
Rm

Rm/R0

(Experiment) 

Rm/R0

(Calculation)

20 1.53(=R0) 1.00 1.00 

400 1.47 0.96 0.96 

500 1.43 0.93 0.95 

600 1.40 0.92 0.92 

700 1.37 0.90 0.89 

800 1.27 0.83 0.86 

900 1.27 0.83 0.82 

1000 1.20 0.78 0.78 

1100 1.17 0.76 0.73 

1200 1.10 0.72 

1400 1.10 0.72 

Ta( ) A B

800 1.16 -129.9

900 1.31 -221.9

1000 1.40 -266.4

1100 1.72 -470.5

1200 1.87 -554.5

1300 2.05 -650.7

1400 2.17 -647.3

1500 2.31 -619
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dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 1.23 1.21 1.18 1.11 1.08 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.2 1.20 1.18 1.16 1.12 1.09 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.3 1.16 1.15 1.13 1.10 1.07 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.4 1.13 1.13 1.11 1.08 1.05 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.5 1.10 1.10 1.09 1.06 1.03 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.6 1.07 1.07 1.06 1.04 1.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.7 1.04 1.04 1.04 1.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.8 1.01 1.02 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 900

Irradiation temperature (Measurement temperature)

dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 1.10 1.08 1.05 1.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.2 1.08 1.06 1.04 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.3 1.06 1.05 1.02 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.4 1.04 1.03 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.5 1.02 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 800

Irradiation temperature (Measurement temperature)

Table4.4 Proposed thermal conductivity considering annealing effect(1/8) 

Table4.4 Proposed thermal conductivity considering annealing effect (2/8)
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dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 1.59 1.34 1.18 1.11 1.08 1.06 1.04 1.00 1.00 1.00 1.00 1.00

0.2 1.53 1.51 1.39 1.24 1.16 1.11 1.08 1.00 1.00 1.00 1.00 1.00

0.3 1.46 1.45 1.44 1.38 1.25 1.17 1.13 1.00 1.00 1.00 1.00 1.00

0.4 1.39 1.40 1.39 1.36 1.33 1.23 1.17 1.00 1.00 1.00 1.00 1.00

0.5 1.32 1.34 1.34 1.32 1.29 1.25 1.20 1.00 1.00 1.00 1.00 1.00

0.6 1.26 1.28 1.29 1.28 1.25 1.22 1.17 1.00 1.00 1.00 1.00 1.00

0.7 1.19 1.22 1.24 1.23 1.22 1.18 1.14 1.00 1.00 1.00 1.00 1.00

0.8 1.12 1.17 1.19 1.19 1.18 1.15 1.11 1.00 1.00 1.00 1.00 1.00

0.9 1.05 1.11 1.14 1.15 1.14 1.12 1.08 1.00 1.00 1.00 1.00 1.00

1.0 1.00 1.05 1.09 1.10 1.10 1.08 1.05 1.00 1.00 1.00 1.00 1.00

1.1 1.00 1.00 1.04 1.06 1.06 1.05 1.03 1.00 1.00 1.00 1.00 1.00

1.2 1.00 1.00 1.00 1.02 1.03 1.02 1.00 1.00 1.00 1.00 1.00 1.00

1.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 1100

Irradiation temperature (Measurement temperature)

dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 1.32 1.29 1.18 1.11 1.08 1.06 1.00 1.00 1.00 1.00 1.00 1.00

0.2 1.28 1.26 1.24 1.20 1.16 1.11 1.00 1.00 1.00 1.00 1.00 1.00

0.3 1.24 1.23 1.21 1.18 1.14 1.10 1.00 1.00 1.00 1.00 1.00 1.00

0.4 1.20 1.20 1.18 1.15 1.12 1.08 1.00 1.00 1.00 1.00 1.00 1.00

0.5 1.16 1.16 1.15 1.13 1.10 1.06 1.00 1.00 1.00 1.00 1.00 1.00

0.6 1.12 1.13 1.12 1.11 1.08 1.04 1.00 1.00 1.00 1.00 1.00 1.00

0.7 1.09 1.10 1.10 1.08 1.06 1.02 1.00 1.00 1.00 1.00 1.00 1.00

0.8 1.05 1.07 1.07 1.06 1.03 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.9 1.01 1.03 1.04 1.03 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.0 1.00 1.00 1.01 1.01 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 1000

Irradiation temperature (Measurement temperature)

Table4.4 Proposed thermal conductivity considering annealing effect (3/8)

Table4.4 Proposed thermal conductivity considering annealing effect (4/8)
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dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 1.89 1.34 1.18 1.11 1.08 1.06 1.04 1.03 1.02 1.00 1.00 1.00

0.2 1.80 1.76 1.39 1.24 1.16 1.11 1.08 1.06 1.05 1.00 1.00 1.00

0.3 1.70 1.70 1.62 1.38 1.25 1.17 1.13 1.09 1.07 1.00 1.00 1.00

0.4 1.61 1.62 1.62 1.52 1.34 1.23 1.17 1.13 1.09 1.00 1.00 1.00

0.5 1.52 1.54 1.55 1.53 1.43 1.30 1.21 1.16 1.12 1.00 1.00 1.00

0.6 1.42 1.46 1.48 1.48 1.45 1.35 1.25 1.19 1.14 1.00 1.00 1.00

0.7 1.33 1.38 1.41 1.42 1.40 1.37 1.29 1.21 1.16 1.00 1.00 1.00

0.8 1.24 1.31 1.34 1.36 1.35 1.32 1.28 1.23 1.16 1.00 1.00 1.00

0.9 1.14 1.23 1.27 1.30 1.30 1.28 1.24 1.19 1.13 1.00 1.00 1.00

1.0 1.05 1.15 1.21 1.24 1.24 1.23 1.20 1.16 1.10 1.00 1.00 1.00

1.1 1.00 1.07 1.14 1.18 1.19 1.19 1.16 1.13 1.07 1.00 1.00 1.00

1.2 1.00 1.00 1.07 1.12 1.14 1.14 1.12 1.09 1.04 1.00 1.00 1.00

1.3 1.00 1.00 1.00 1.06 1.09 1.10 1.08 1.06 1.01 1.00 1.00 1.00

1.4 1.00 1.00 1.00 1.00 1.04 1.05 1.04 1.02 1.00 1.00 1.00 1.00

1.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 1300

Irradiation temperature (Measurement temperature)

dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 1.72 1.34 1.18 1.11 1.08 1.06 1.04 1.03 1.00 1.00 1.00 1.00

0.2 1.64 1.63 1.39 1.24 1.16 1.11 1.08 1.06 1.00 1.00 1.00 1.00

0.3 1.56 1.56 1.54 1.38 1.25 1.17 1.13 1.09 1.00 1.00 1.00 1.00

0.4 1.48 1.49 1.48 1.46 1.34 1.23 1.17 1.13 1.00 1.00 1.00 1.00

0.5 1.40 1.42 1.43 1.41 1.38 1.30 1.21 1.16 1.00 1.00 1.00 1.00

0.6 1.32 1.36 1.37 1.36 1.34 1.30 1.25 1.19 1.00 1.00 1.00 1.00

0.7 1.24 1.29 1.31 1.31 1.29 1.26 1.22 1.16 1.00 1.00 1.00 1.00

0.8 1.16 1.22 1.25 1.26 1.25 1.22 1.18 1.13 1.00 1.00 1.00 1.00

0.9 1.09 1.15 1.19 1.21 1.20 1.18 1.15 1.10 1.00 1.00 1.00 1.00

1.0 1.01 1.09 1.13 1.16 1.16 1.15 1.12 1.07 1.00 1.00 1.00 1.00

1.1 1.00 1.02 1.08 1.11 1.12 1.11 1.08 1.04 1.00 1.00 1.00 1.00

1.2 1.00 1.00 1.02 1.05 1.07 1.07 1.05 1.01 1.00 1.00 1.00 1.00

1.3 1.00 1.00 1.00 1.00 1.03 1.03 1.01 1.00 1.00 1.00 1.00 1.00

1.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 1200

Irradiation temperature (Measurement temperature)

Table4.4 Proposed thermal conductivity considering annealing effect (5/8)

Table4.4 Proposed thermal conductivity considering annealing effect (6/8)
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dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 2.03 1.34 1.18 1.11 1.08 1.06 1.04 1.03 1.02 1.02 1.01 1.00

0.2 2.06 1.76 1.39 1.24 1.16 1.11 1.08 1.06 1.05 1.04 1.03 1.00

0.3 1.97 1.96 1.62 1.38 1.25 1.17 1.13 1.09 1.07 1.05 1.04 1.00

0.4 1.88 1.88 1.85 1.52 1.34 1.23 1.17 1.13 1.09 1.07 1.05 1.00

0.5 1.79 1.81 1.81 1.66 1.43 1.30 1.21 1.16 1.12 1.09 1.06 1.00

0.6 1.70 1.73 1.74 1.72 1.51 1.35 1.25 1.19 1.14 1.10 1.07 1.00

0.7 1.61 1.66 1.67 1.67 1.60 1.41 1.29 1.21 1.16 1.12 1.08 1.00

0.8 1.52 1.58 1.61 1.61 1.59 1.46 1.33 1.24 1.18 1.13 1.09 1.00

0.9 1.43 1.51 1.54 1.55 1.54 1.51 1.37 1.27 1.20 1.14 1.10 1.00

1.0 1.35 1.43 1.48 1.50 1.49 1.47 1.40 1.29 1.21 1.16 1.11 1.00

1.1 1.26 1.36 1.41 1.44 1.44 1.43 1.39 1.31 1.23 1.17 1.12 1.00

1.2 1.17 1.28 1.35 1.38 1.39 1.38 1.35 1.30 1.24 1.18 1.13 1.00

1.3 1.08 1.20 1.28 1.33 1.34 1.34 1.31 1.27 1.21 1.17 1.14 1.00

1.4 1.00 1.13 1.22 1.27 1.30 1.30 1.27 1.24 1.18 1.15 1.14 1.00

1.5 1.00 1.05 1.15 1.21 1.25 1.25 1.24 1.20 1.15 1.12 1.14 1.00

1.6 1.00 1.00 1.09 1.16 1.20 1.21 1.20 1.17 1.12 1.09 1.11 1.00

1.7 1.00 1.00 1.02 1.10 1.15 1.17 1.16 1.14 1.09 1.06 1.09 1.00

1.8 1.00 1.00 1.00 1.04 1.10 1.12 1.12 1.10 1.06 1.03 1.06 1.00

1.9 1.00 1.00 1.00 1.00 1.05 1.08 1.09 1.07 1.04 1.00 1.03 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.04 1.05 1.04 1.01 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.01 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Irradiation temperature (Measurement temperature)

Annealing temperature 1500

dpa 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
0.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

0.1 2.00 1.34 1.18 1.11 1.08 1.06 1.04 1.03 1.02 1.02 1.00 1.00

0.2 1.90 1.76 1.39 1.24 1.16 1.11 1.08 1.06 1.05 1.04 1.00 1.00

0.3 1.81 1.81 1.62 1.38 1.25 1.17 1.13 1.09 1.07 1.05 1.00 1.00

0.4 1.72 1.73 1.72 1.52 1.34 1.23 1.17 1.13 1.09 1.07 1.00 1.00

0.5 1.63 1.65 1.65 1.64 1.43 1.30 1.21 1.16 1.12 1.09 1.00 1.00

0.6 1.53 1.57 1.59 1.58 1.51 1.35 1.25 1.19 1.14 1.10 1.00 1.00

0.7 1.44 1.49 1.52 1.52 1.50 1.41 1.29 1.21 1.16 1.12 1.00 1.00

0.8 1.35 1.41 1.45 1.46 1.45 1.42 1.33 1.24 1.18 1.13 1.00 1.00

0.9 1.26 1.34 1.38 1.40 1.40 1.37 1.33 1.27 1.20 1.14 1.00 1.00

1.0 1.16 1.26 1.31 1.34 1.34 1.33 1.29 1.24 1.18 1.16 1.00 1.00

1.1 1.07 1.18 1.24 1.28 1.29 1.28 1.25 1.21 1.15 1.17 1.00 1.00

1.2 1.00 1.10 1.18 1.22 1.24 1.24 1.21 1.17 1.12 1.18 1.00 1.00

1.3 1.00 1.02 1.11 1.16 1.19 1.19 1.17 1.14 1.09 1.17 1.00 1.00

1.4 1.00 1.00 1.04 1.10 1.14 1.15 1.13 1.11 1.06 1.15 1.00 1.00

1.5 1.00 1.00 1.00 1.04 1.08 1.10 1.10 1.07 1.03 1.12 1.00 1.00

1.6 1.00 1.00 1.00 1.00 1.03 1.05 1.06 1.04 1.00 1.09 1.00 1.00

1.7 1.00 1.00 1.00 1.00 1.00 1.01 1.02 1.00 1.00 1.06 1.00 1.00

1.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.03 1.00 1.00

1.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.3 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.4 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.7 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.8 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Annealing temperature 1400

Irradiation temperature (Measurement temperature)

Table4.4 Proposed thermal conductivity considering annealing effect (7/8)

Table4.4 Proposed thermal conductivity considering annealing effect (8/8)
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Fig.4.1 Recovery factor R0 in relation to irradiation temperature 

Fig.4.2 Recovery factor R0 in relation to neutron fluence 
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Fig.4.4 Thermal conductivity of irradiated graphite dependent on irradiation temperature 
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Fig.4.5 Arrhenius plot of recovery factor R0

Fig.4.6 Relationship between R and Q 
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Fig.4.7 Thermal conductivity of graphite considering annealing effect  

at annealing temperature 1000 .

Fig.4.8 Thermal conductivity of graphite considering annealing effect  

at annealing temperature 1500 .
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