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Abstract

SUS 316 stainless steel will be used in ITER as a major structural material. However, accumulation of radiation-

induced deformation data in the anticipated operation temperature range, centered at about 300 �C, is not adequate.
Although it will be used mainly in annealed condition, cold-working and consequent introduction of network

dislocations is inevitable at various parts of the structure. Computer simulation was performed to examine the radi-

ation-induced deformation of SUS 316 steel, with emphasis on the effect of network dislocation density, for the ITER-

relevant condition. Irradiation creep rates and radiation-induced stress relaxation behaviors were examined at 300 �C
for various displacement rates, applied stresses and network dislocation densities. Rather complicated dependence on

dislocation density has been predicted in both creep deformation and stress relaxation. This complexity results from a

competitive redistribution of point defects to the operating deformation mechanisms and from the predominance

among them that depends on the network dislocation density.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

SUS 316 stainless steel will be used in ITER as a

major structural material for blankets and vacuum ves-

sels. However, the accumulation of radiation-induced

deformation (irradiation creep and radiation-induced

stress relaxation) data in the anticipated temperature

range, centered at about 300 �C, is not sufficient. Par-

ticularly, the dislocation density dependence has not

been examined adequately, despite the fact that cold-

working and consequent introduction of network dis-

locations is possible in various parts of the ITER
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structure, although the material will be used mainly in

annealed condition.

Recently, cracks have been found in the core struc-

tures, particularly the shrouds, of many light water

cooled reactors in Japan. One of the key factors for the

initiation of these cracks is suspected to be a tensile

residual stress at the surface layer introduced by the final

grinding and polishing, especially in the vicinity of weld

joints. Radiation-induced deformation, especially lead-

ing to stress relaxation, may influence such cracking of

the reactor core structure by reducing the residual stress

[1] or by affecting the crack propagation process [2]. This

indicates the importance of the dislocation density

dependence of the radiation-induced deformation in

ITER as well as in light water reactors.

In the present study, computer simulation was per-

formed to examine the radiation-induced deformation of

SUS 316 steel at 300 �C, with emphasis on the effects of

network dislocation density. Some of the results on

dislocation density dependence were compared with the
ed.
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experimental results obtained using light ion irradiation

and published in a separate report [3].
2. Modeling and calculation procedure

The calculation is based on the stress-influenced

kinetics of nucleation and growth of defect agglomer-

ates, as well as point defect absorption by network dis-

locations [4]. Simultaneous differential equations are

numerically solved for the following defect concentra-

tions: (1) single interstitials (Ci), (2) single vacancies (Cv),

(3) aligned interstitial loop precursors (C2iA), (4) non-

aligned interstitial loop precursors (C2iN), (5) growing

interstitial loops on aligned planes (CilA), (6) those on

non-aligned planes (CilN), (7) accumulated net intersti-

tials in growing aligned loops (CilAi), (8) those in growing

non-aligned loops (CilNi), (9) net interstitials absorbed by

aligned network dislocations (CdAi), (10) those absorbed

by non-aligned network dislocations (CdNi).

Migration energies of point defects were adopted

from the evaluation provided by Dimitrov and Dimitrov

[5]. Important parameter values used in the numerical

calculation are listed in Table 1. Zi (interstitial bias) and

DZi (stress-induced bias) for loops and network dislo-

cations were calculated using the equations given by

Wolfer and Ashkin [6] and Heald and Speight [7],

respectively. At each numerical iteration step the loop

size was re-averaged, and Zi;v and DZi;v were re-evalu-

ated. In the interstitial loop nucleation process, the di-
Table 1

Parameter values used in this calculation

Parameter Value

Defect migration energy

Interstitial 0.92 eV

Vacancy 1.15 eV

Defect migration pre-exponent

Interstitial 8.0 · 10�7 m2/s

Vacancy 1.4 · 10�6 m2/s

Lattice constant 3.524· 10�10 m

Atomic volume 1.1 · 10�29 m3

Strength of Burgers vector 2.16· 10�10 m

Young’s modulus 2.6 · 105 MPa

Shear modulus 1.0 · 105 MPa

Poisson’s ratio 0.3

Defect relaxation volume

Interstitial +1.4· atomic volume

Vacancy )0.46· atomic volume

Difference in shear modulus

Between defect and matrix

Interstitial )1.0 · 105 MPa

Vacancy 0 MPa
interstitial was assumed to be the precursor and the

formation of loops was considered to be under the

influence of external stress, following the SIPN model

proposed by Brailsford and Bullough [8].

In the present study, SIPN (stress-induced preferen-

tial nucleation of interstitial loops) [8,9] and loop growth

driven by SIPA (stress-induced preferred absorption of

point defects) [7,10] are taken into account, as well as

PA (SIPA climb) and PAG (glide enabled by SIPA

climb) contributions [11] by network dislocations. From

the calculated derivatives of defect concentrations, the

plastic strain rate produced by each mechanism was

evaluated at every iteration step using the following

equations. This approach is quite different from the

analytical calculation based on each single mechanism.

(1) PA (SIPA climb creep by network dislocations) [11],

_ePA ¼ 2

3
ðdCdAi=dt � dCdNi=dtÞ; ð1Þ

(2) PAG (dislocation glide induced by SIPA climb) [11],

_ePAG ¼ ð4e
ffiffiffiffiffiffiffiffi
pLd

p
=3bÞðdCdAi=dt � dCdNi=dtÞ; ð2Þ

(3) SAIL (SIPA climb creep by growing interstitial

loops) [7,10],

_eSAIL ¼ 2

3
ðdCilAi=dt � dCilNi=dtÞ; ð3Þ

(4) SIPN (creep by stress-induced preferential loop

nucleation) [8,9],

_eSIPN ¼ 4

3
ðdC2iA=dt � dC2iN=dtÞ; ð4Þ

where e is the elastic deflection (r=E; r is the external

stress, E is Young’s modulus), Ld is the network dislo-

cation density, and b is the size of the Burgers vector.

Such a calculation procedure allows all the deformation

mechanisms to operate simultaneously, competing for

the point defects, and simulates the dynamic situation

under irradiation.

Stress relaxation was also calculated directly by the

computer simulation using the same procedure except

for a minor change. The amount of stress reduction Dr
due to the total plastic strain increment Dep produced by

all the mechanisms during each iteration step was eval-

uated using the equation,

dr
dt

¼ �E
dep
dt

) Dr ¼ �EDep: ð5Þ

All kinetic parameters for the next iteration step were

recalculated with the reduced stress. This elaborate

procedure gives a reliable estimate even when the radi-

ation-induced deformation involves a non-steady state

period. This approach has shown good agreement with

conventional results obtained using the power law creep

rate when there is no significant transient [12].
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In the following, a nominal dpa value, not the value

multiplied by the damage efficiency, is used to describe

the damage and the damage rate. Since the in-reactor

creep compliance is generally about 0.3 times that for

the light-ion irradiation creep [13], the damage and the

damage rate should be multiplied by 0.3 for neutron

irradiation.
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Fig. 2. Dislocation density dependence of irradiation creep rate

at 2 · 10�7 dpa/s for 10, 100 and 500 MPa.
3. Results and discussion

Fig. 1 shows the stress dependence of irradiation

creep rate at 2· 10�7 dpa/s that corresponds to the dis-

placement rate anticipated at the blanket position of

ITER [14]. The examined dislocation density ranges

from 3 · 1012 to 3 · 1015 m�2, representing a well an-

nealed and a heavily cold-worked condition, respec-

tively. At all dislocation densities, the stress dependence

is almost linear below 100 MPa and gradually increases

at higher stresses. However, the stress dependence is still

very weak compared with that without irradiation. A

stress exponent close to unity leads to significant stress

relaxation, because considerable plastic deformation is

still produced, which will lead to another large elastic

stress reduction, on the contrary to the non-irradiation

case in which the stress exponent is as large as 4–6 and

the plastic deformation declines to a large extent as the

stress is decreased.

The dependence of irradiation rate on dislocation

density is calculated for 10, 100 and 500 MPa at 2 · 10�7

dpa/s as shown in Fig. 2. The dependence is not a simple

function of dislocation density and it has a maximum

around 1014 m�2 for all stresses examined. When the

displacement rate decreases, the shape of the dependence

changes, as shown in Fig. 3 for 1· 10�9 dpa/s which
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Fig. 1. Stress dependence of irradiation creep rate at 2· 10�7

dpa/s with various dislocation densities.
corresponds to the conditions anticipated in the vacuum

vessel position in ITER [14]. The minimum creep rate

shifts from 4· 1014 m�2 to 2 · 1015 m�2, as the stress level

increases.

Contribution to the dislocation density dependence

from each deformation mechanism is shown in Fig. 4.

As the dislocation density increases, loss of point defects

via bulk recombination decreases and each creep

mechanism produces increasing creep deformation.

However, the contribution of SIPN diminishes swiftly

above 1014 m�2 where most of the point defects are ab-

sorbed by network dislocations, and loop nucleation

declines. Fig. 5 shows the same dependence as Fig. 4 but

for a much lower displacement rate of 1· 10�9 dpa/s.
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Fig. 3. Dislocation density dependence of irradiation creep rate

at 1 · 10�9 dpa/s for 10, 100 and 500 MPa.
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Fig. 4. Creep rate contribution from each mechanism at

2· 10�7 dpa/s and 500 MPa.
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Fig. 6. Stress relaxation at 2· 10�7 dpa/s for various disloca-

tion densities.
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The dependence of each mechanism appears to shift to

lower dislocation densities, arising from the smaller bulk

recombination rate at this lower damage rate.

Dislocation density influences the radiation-induced

creep rate and thereby the stress relaxation, as indicated

in Fig. 6 for 1· 10�8 dpa/s, 500 MPa and three different

dislocation densities. Stress relaxes swiftly at 3· 1013
m�2, but relaxes more slowly at both higher and lower

dislocation densities. For a displacement rate of 1· 10�8

dpa/s, the irradiation creep rate shows a maximum

around 1013 m�2 and goes down with decreasing or

increasing dislocation density. The stress relaxation

behavior also depends on the displacement rate. For

instance, with a network dislocation density of 3· 1012
m�2 at 300 �C and 100 MPa, higher displacement rates
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Fig. 5. Creep rate contribution from each mechanism at

1· 10�9 dpa/s and 100 MPa.
at the blanket position lead to a slower relaxation rate,

while lower displacement rates at the vacuum vessel

position would cause a much faster relaxation rate per

dpa.

During the lifetime of ITER, microstructure change

is expected. Nucleation and growth of dislocation

loops have been included in the present calculation

as explained in the procedure section. Another constit-

uent of the microstructure evolution is the change of

network dislocation density, but this would not be so

significant under the ITER condition, maximum of

about 10 dpa at 100–300 �C, as the experimental data

indicate [15]. Thus, Fig. 6 shows how the stress relaxa-

tion will proceed during the evolution of microstructure

in ITER.
4. Conclusions

Numerical computer calculation was carried out to

assess the radiation-induced deformation of SUS 316

stainless steel in the ITER-relevant condition with

emphasis on the effect of network dislocation density.

The results are summarized as follows.

(1) A rather complicated dependence on dislocation

density has been predicted in the radiation-induced

deformation behavior. There appears to be both a

maximum and/or a minimum in the dislocation den-

sity dependencies of creep rate and stress relaxation

rate.

(2) This complexity mainly results from a competitive

redistribution of point defects, responding to the

competing deformation mechanisms, which depends

on the network dislocation density.
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