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ABSTRACT

Research reactors are operated under ambient temperature and atmospheric pressure, which is much less severe
conditions compared to those in typical nuclear power plants. Due to the high temperature, heat resistant materials such as
austenite stainless steel should be used for the reactors in typical nuclear power plants. Whereas, as the effect of temperature
is low for research reactors, materials with high resistance to neutron irradiation, such as zircaloy and beryllium, are used.
Therefore, these conditions should be considered when performing integrity assessment for research reactors. In this study,
a computational technique through finite element (FE) analysis was developed considering the operating conditions and
materials of research reactor when conducting integrity assessment. Neutron irradiation analysis techniques using thermal
expansion analysis were proposed to consider neutron irradiation growth and swelling in zirconium alloys and beryllium.
A user subroutine program that can calculate the strain rate induced by neutron irradiation creep was developed for use in
the commercial analysis program Abaqus. To validate the proposed technique and the user subroutine, FE analysis results
were compared with hand—calculation results, and showed good agreement. Consequently, developed technique and user
subroutine are suitable for evaluating structural integrity of research reactors.

Key Words : Neutron irradiation growth (542} ZAF 474, Neutron irradiation swelling (42 ZAF 244),
Neutron irradiation creep (F4A} A} 22| 3Z), User subroutine program (AR} 9] Bz & T2W), Finite element
analysis (1-3F2. A3 4])
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7| glé'll:g Co = Neutron irradiation growth coefficient [n™"-mm ?]
Ci = Neutron irradiation coefficient [n™'-mm ?]
. Cv = Neutron irradiation swelling coefficient [n™'-mm ?|
Be = Beryllium . — Disol . ) © [DPAS]
Co = Neutron irradiation creep coefficient D 5P ‘acemen per atoms rate s
. ) ; E = Elastic modulus [GPa]
[n"''mm >MPa'| )
. . . E, = Displacement threshold energy [eV]
Cus. = Neutron irradiation creep coefficient of beryllium . . .
[ -MPa] E = Available energy for displacement [eV]
e . L H = Hydrogen
Cuzz = Neutron irradiation creep coefficient of zirconium .
= ) o He = Helium
alloy [n™''mm *MPa] )
LJ K, L, M,N = Material constant
PR, 319, At AN S e Al 3 % Effiency factor
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Ny = Displacement per atoms [DPA]

N = Number of atoms per unit volume
[n'mm™"-barn™"]

n = Neutron [n]

p = Porosity [mm’/mm’]

g = Effective equivalent stress [MPa]

R; = Stress ratio

T = Temperature [TC]

t = Time |[s]

14 = Volume [mm’]

«a = Thermal expansion coefficient
[mm/mm-C "]

Eor = Neutron irradiation creep strain rate
[mm/mm-s™']

v = Poisson’s ratio

o = Effective stress [MPa]

0 da = Damage cross section [eV-barn]

o) = Neutron flux [n'mm™>s™']
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Fig. 2 Neutron irradiation growth orientation of zircaloy-4
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Table 2 Neutron irradiation coefficients used for verification of
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Table 3 Comparison of neutron irradiation strain in FE analy-
ses and calculation at 10 sec
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Table 4 Neutron irradiation creep coefficients used for verifica-
tion of user subroutine program
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Table 6 Comparison of equivalent stress and neutron irradia-
tion creep strain rate in FE analysis and calculation (beryllium)

Material Zircaloy—4 Beryllium
Neutron irradiation
creep coefficient 2.8x107% 2.179 <107
(n"-mm*>MPa")

Table 5 Comparison of equivalent stress and neutron irradia-
tion creep strain rate in FE analysis and calculation (zircaloy-4)

Effective Neutron irradiation
Time | Time eqmt';/ealent Relative creep.strainpe{time Relative
inc. stress Diff incremen Diff
(0 | (seq) |__MPa) | gy | (X100 | )
FEA | Cal. FEA Cal.
0 0 0 0 - 0 0 -

0.07 | 0.07 |225.5[225.5|2x10° | 0.0425 | 0.0425 | 2x107°
0.13 | 0.07 | 225.5[225.5|2x10° | 0.0425 | 0.0425 | 2x107°
0.20 | 0.07 [225.5[225.5| 2% 107 | 0.0425 | 0.0425 | 2x107°
0.27 | 0.07 [225.5[225.5| 2% 107 | 0.0425 | 0.0425 | 2x107°
040 | 0.13 [225.5[2255| 2% 10| 0.0850 | 0.0850 | 3x10™
0.67 | 0.27 [225.5[225.5|2x10° | 0.1700 | 0.1700 | 5x107°
1.21 | 0.54 [225.5]225.5|2x10° | 0.3400 | 0.3400 | 5x10°

229 | 1.08 |225.5(225.5|2x10° | 0.6800 | 0.6800 | 1x10™*
429 | 2.00 | 2255|2255 2x10° | 1.2630 | 1.2630 | 1x10™*
6.29 | 2.00 [225.5(2255|2x10°| 1.2630 | 1.2630 | 1x10™
829 | 2.00 | 225.5(2255[2x10° | 1.2630 | 1.2630 | 1x10™*

10 | 1.71 |225.5(225.5| 210 | 1.0809 | 1.0809 | 3x10™
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Effective Neutron irradiation
Time | Time eqlsltlr\,ezfnt Relative Creephsltcrilglgg time Relative
(sec) (1snecc) (MPa) %}g (x107) l()og
FEA | Cal. FEA Cal.
0 0 0 0 - 0 0 -
0.1 0.1 200 | 200 0 0.4358 | 0.4358 0
0.2 0.1 200 | 200 0 0.4358 | 0.4358 0
0.3 0.1 200 | 200 0 0.4358 | 0.4358 0
0.5 0.2 | 200 | 200 0 0.8716 | 0.8716 0
0.9 04 | 200 | 200 0 1.7432 | 1.7432 0
1.7 0.8 | 200 | 200 0 3.4864 | 3.4864 0
33 1.6 | 200 | 200 0 6.9728 | 6.9728 0
53 2 200 | 200 0 8.7160 | 8.7160 0
7.3 2 200 | 200 0 8.7160 | 8.7160 0
9.3 2 200 | 200 0 8.7160 | 8.7160 0
10 0.7 | 200 | 200 0 3.0506 | 3.0506 0
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