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Reaction kinetic analysis was used to estimate the damage evolution in window materials of 800 MWth
accelerator driven system (ADS). Parameters were fitted to F82H of the STIP-II experiment at 673 K and
EC316LN of the STIP-I experiment at 626 K. In F82H, the concentration of bubbles was almost constant
and the bubble size increased, while the concentration of interstitial type dislocation loops increased
and their size was constant between 2.1 � 10�3 and 210 dpa. EC316LN showed almost the same behavior.
Swelling increased almost linearly with irradiation dose above 0.21 dpa between 673 K and 773 K.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

An accelerator driven system (ADS) is a coupling of a subcritical
nuclear reactor with a proton accelerator. High energy protons
irradiated in a liquid metal target produce a large number of neu-
trons. These neutrons are used to transmute minor actinide in high
level waste from light water reactor fuels. The beam window of
ADS is thus subjected to a very high irradiation load by source pro-
tons and spallation neutrons as well as neutrons generated inside
the reactor. At present, there are no materials that enable the win-
dow to be operational for the desired period of time without dete-
rioration of mechanical properties.

Irradiation experiments are essential for the development of
nuclear materials. However, there are several cases in which, mate-
rials are developed without appropriate irradiation facilities, such
as fusion reactor materials and high intensity spallation neutron
source target related materials. In these cases, computer simula-
tions play an important role in predicting materials behavior. Reac-
tion kinetics analysis using rate equations is a powerful technique
for predicting defect evolution from the initial stage of irradiation
(nucleation of defect clusters) to large defect cluster formation
(growth of defect clusters) [1,2].

Ferritic stainless steels such as F82H and austenitic stainless
steels such as type 316 are regarded as candidate materials for
the beam window. In this paper, the growth of defect structures
in proton-irradiated austenitic stainless steel (EC316LN) and fer-
ritic martensitic stainless steel (F82H) is investigated through reac-
tion kinetics analysis assumed an ADS beam window of 800 MWth,
which is designed in Japan for the transmutation of long-living
ll rights reserved.

: +81 724 51 2620.
ie).
nuclear isotopes in spent fuel, with a proton energy of 1.5 GeV
and liquid Pb–Bi for spallation target and coolant [3].

2. Outline of the model

The irradiation conditions for the 800 MWth ADS beam window
are tabulated in Table 1. The variation in point defects, defect clus-
ters and helium concentrations, and growth of point defect clusters
were calculated using the dynamic rate theory. As the irradiation
temperature is high, the effect of hydrogen on the evolution of de-
fect structure was ignored. Oliver et al. have observed the helium
release stage at 1000 K in STIP-1 irradiated SS316L and assigned
it to the release of helium from bubbles [4]. Thus, this model did
not incorporate the interaction of helium with interstitials and
interstitial clusters (interstitial type dislocation loops). High pri-
mary knock-on energies deposited in materials are one of the sig-
nificant differences between a high energy proton plus generated
neutron spectrum and a fission neutron spectrum. We have stud-
ied the effect of neutron spectrum between fission and fusion neu-
trons on the evolution of defect structure [5]. In metals with heavy
atoms such as Au, the effect of cascade size on the damage struc-
ture is significant. In metals with intermediate weight atoms such
as Ni, the effect of cascade size is attributed to the number of sub-
cascades. This number is proportional to the primary knock-on
energies. The generation of point defects and the nucleation of
point defect clusters occur in each subcascade. Thus, the effect of
the large primary knock-on energies was introduced as the direct
formation of point defect clusters. Recently, the importance of
moving interstitial clusters in metals for void growth have been
pointed out [6]. Most of observations were, however, performed
in pure metals and it was shown that alloying elements prevent
the motion [7]. As it is unclear whether or not the movement
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Table 1
Irradiation conditions of 800 MWth ASD beam window

Irradiation temperature 723 K (center)–773 K (near perimeter)
Damage rate 2.12 � 10�6 dpa/s
He production rate 3.68 � 10�11 He/s

T. Yoshiie et al. / Journal of Nuclear Materials 377 (2008) 132–135 133
occurs in practical alloys such as ferittic/martenstic steels, we did
not consider interstitial clusters as mobile defects.

Other assumptions used in the calculation were as follows:

(1) The damage due to protons and neutrons, and the effect of
helium are considered simultaneously.

(2) Only helium, interstitials and vacancies are mobile.
(3) As defect clusters, vacancy-helium pairs, vacancy clusters

(voids), vacancy clusters with helium (bubbles) and intersti-
tial clusters (interstitial type dislocation loops) are consid-
ered. Vacancy-helium pair, one helium in one vacancy, is
not included in bubbles, since it is not possible to observe
by electron microscopy.

(4) Thermal dissociation is considered for vacancy-helium pairs.
(5) Di-interstitials and di-vacancies are set for stable nuclei of

clusters [1].
(6) Nuclei of interstitial clusters and vacancy clusters are also

formed directly in cascades.
(7) Materials parameters used for austenitic stainless steels and

ferritic stainless steels are those for Ni and Fe, respectively.
(8) The irradiation temperatures of ADS target materials are

from 673 K to 723 K.

The concentrations of interstitials (CI), vacancies (CV), and he-
lium (CHe) are expressed as

dCI

dt
¼ PI � 2ZI;IMIC

2
I � ZI;VðMI þMVÞCICV � ZI;ICMICISI

� ZI;VCMICISV � ZI;BMICISB � ZI;VHeMICICV;He �MICICS � NIPIC;

dCV

dt
¼ PV � 2ZV;VMVC2

V � ZI;VðMI þMVÞCICV � ZHe;VMHeCVCHe

� ZV;VMVCVSV � ZV;ICMVCVSI � ZV;BMVCVSB

� ZV;HeMVCVCHe � ZV;HeMVCVCV;He

þMHeTV;HeCV;He þ ZI;VHeMICICV;He

�MVCVCS � NVPVC;

dCHe

dt
¼ PHe � ZHe;VMHeCVCHe � ZHe;VMHeCHeSV

� ZHe;BMHeCHeSB � ZHe;VMHeCHeCV;He þ ZI;VHeMICICV;He

þMHeTV;HeCV;He �MHeCHeCS;

where P is the production rate of Frenkel pairs, and Z is the number
of sites of the spontaneous reaction of each process. M is the mobil-
ity of defects and expressed as m exp � E

kT

� �
, where m is the jump fre-

quency. E, k and T are the migration energy, the Boltzmann constant
and temperature, respectively. S is the sink efficiency to mobile de-
fects and expressed as [1,2]:

SV ¼ ð48p2RVC2
VCÞ

1=3
;

SI ¼ 2ðpRICICÞ1=2
;

SB ¼ ð48p2RV;HeC2
BÞ

1=3
:

Table 2
Irradiation conditions and transmission electron microscopy results

Specimen Dose (dpa) He (appm) Tirr (K) Loops

Mean

EC316LN [10] 11 730 626 ± 28 15.9
F82H [9] 20.3 1800 673 ± 50 8.5
N is the number of atoms in clusters formed directly in cascades, T is
the probability of dissociation of helium from a vacancy. The sub-
scripts I, V, IC, VC, B and He denote interstitials, vacancies, intersti-
tial type dislocation loops, voids, bubbles and He, respectively. The
concentrations are fractional units.

The nucleation rates of interstitial type dislocation loops (con-
centration, CIC), voids (CVC), vacancy-He pairs (CV,He), and bubbles
(CB) are

dCIC

dt
¼ PIC þ ZI;IMIC

2
I ;

dCVC

dt
¼ PVC þ ZV;VMVC2

V �MHeCHeSV;

dCV;He

dt
¼ ZHe;VMHeCV � ZV;VHeMVCVCV;He � ZI;VHeMICICV;He

�MHeTV;HeCV;He � ZMHeCHeCV;He;

dCB

dt
¼ ZV;HeMVCVCV;He � ZHe;VCMHeCHeCVC þ ZHe;VHeMHeCHeCV;He:

PIC and PVC are the production rates of interstitial type dislocation
loops and voids directly from cascades.

The total accumulation of interstitials in loops (RI) and that of
vacancies in voids (RV) and in bubbles (RB) are

dRI

dt
¼ ZI;ICMICISI � ZV;ICMVCVSI þ NIPIC

dRV

dt
¼ ZV;VCMVCVSV � ZI;VCMICISV þ NVPVC � ZHe;VCMHeCHeSV �

RV

CVC
;

dRB

dt
¼ ZV;BMVCVSB � ZI;BMICISB þ ZHe;VCMHeCHeSV

� RV

CVC
þ ZHe;VHeMHeCHeCV;He:
3. Results and discussion

As initial values of parameters, values in a book of Damask and
Dienes [8] were used and changed to fit two experimental results
for ferritic martensitic steel F82H irradiated in STIP-II [9], and solu-
tion-annealed austenitic steel EC316LN in STIP-I [10] as shown in
Table 2. Defect clusters in F82H by STIP-II irradiation were set to
interstitial type dislocation loops. Fig. 1 shows the variation in loop
and bubble concentrations, and loop and bubble diameters in F82H
with the irradiation conditions of STIP-II. The parameters deter-
mined are tabulated in Table 3. Parameters marked with ‘*’ are ad-
justed for fitting. The computational results match so well with the
experimental values at about 10 dpa. It is due to the fact that in our
model the concentration of clusters is mainly determined by PIC

and PVC and the growth of clusters is by the size of reaction sites
such as ZI,IC and ZV,IC. Using the same parameters, defect cluster
evolution was calculated with ADS conditions. Fig. 2 compares
the defect structures obtained under the STIP-II conditions and
ADS conditions at 673 K. The concentration of loops and bubbles
is not very different, however, the size of bubbles is larger and
the size of loops is smaller under STIP-II conditions. This was
caused by the difference in damage rate and helium production
rate.

The change of interstitial, vacancy and helium concentrations
under ASD conditions at 723 K is shown in Fig. 3. At first, the
Bubbles

size (nm) Density (m�3) Mean size (nm) Density (m�3)

3.6 � 1022 1.6 5.3 � 1023

2.88 � 1022 5.0 2.48 � 1023
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Fig. 1. Simulation of the evolution of defect structure in F82H irradiated by STIP-II
at 673 K. Experimental data indicated by the arrow are results by Jia and Dai [9].

Table 3
Parameters used in simulation

EC316L F82H
*PIC 5.1 � 10�7 � P 1.3 � 10�8 � P
*PVC 0.4 � 10�7 � P 1.0 � 10�8 � P
EI

M 0.15 [11] 0.26 eV [12]
EV

M 1.0 [13] 1.24 eV [12]
EHe

M 0.06 [14] 0.08 [15]
EV-He

B 3.2 [16] 3.9 [16]
CS 10�10 10�10

CSHe 10�15 10�15

*ZIV 84.0 45.0
*ZII 1.1 1.0
*ZVV 1.1 0.15
*ZI,VC 40.5 40.4
*ZV,VC, *ZV,B, *ZI,B 40.0 40.0
*ZHe,VC 25.5 27.0
NI, NV 10.0 10.0
m 10�13s�1 10�13 s�1

*: Parameters to fit experiments.
P: Production rate of point defects.
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Fig. 2. Comparison of STIP-II (small symbol) and ADS (large symbol) irradiations in
F82H at 673 K.
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Fig. 3. Behavior of point defects and their clusters and helium in F82H at 723 K by
ADS irradiation.
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Fig. 4. The effect of irradiation temperature in F82H between 673 K (large symbol)
and 773 K (small symbol) by ADS irradiation. Loop concentrations are almost the
same between two temperatures.
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Fig. 5. Simulation of evolution of defect structure in EC316LN irradiated by STIP-I at
626 K. Experimental data indicated by arrow are results by Hamaguchi and Dai [10].
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concentrations of interstitials and vacancies increase with irradia-
tion time. Then, as the mobility of interstitials is high, the concen-
tration of interstitials starts to decrease owing to their absorption
by permanent sinks and point defect clusters. The loop size is large
because of high interstitial concentration at low dose. The concen-
tration of interstitial type dislocation loops is constant since most
loop nuclei are formed by di-interstitials. The increase in loop con-
centration, which starts in the later stages of irradiation
(>10�2 dpa), is caused by the direct formation of loops in cascades.
From the dose of 10�4 dpa, the vacancy concentration starts to de-
crease owing to the low mobility of vacancies. At the same time,
the bubble concentration stops increasing and the bubble size
starts to increase (see Fig. 2). The temperature dependence of the
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Fig. 6. The effect of irradiation temperature in EC316LN between 673 K (large sy-
mbol) and 773 K (small symbol) by ADS irradiation.

Table 4
The estimated swelling in F82H and EC316LN at three different temperatures

Temp. (K) 2.1 dpa (%) 21 dpa (%) 210 dpa (%)

673 0.13 1.5 15
F82H 723 0.15 1.5 15

773 0.15 1.5 15

316LN 673 0.13 1.0 9.6
723 0.14 1.1 9.8
773 0.11 0.97 9.5
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evolution of defect structure at 673 K and 773 K is shown in Fig. 4.
At higher dose, the loop concentration and size are almost the
same. The bubble concentration is lower and the bubble size is
higher at higher temperatures.

The change of loop and bubble concentrations and loop and
bubble diameters in EC316LN under the irradiation conditions of
STIP-I is shown in Fig. 5 along with experimental results. The
parameters determined are tabulated in Table 3. The evolution of
defect structure at 673 K and 773 K under ADS conditions is shown
in Fig. 6. At higher doses, the defect concentration and size are al-
most the same for the two temperatures.

Table 4 tabulates the swelling in F82H and EC316NL at three
different temperatures. In both alloys, the swelling is almost pro-
portional to the dose, indicating the steady-state growth region.
The swelling of austenitic stainless steel EC316LN is relatively
low compared to that of ferritic martensitic steel F82H. It is gener-
ally believed that the swelling of fcc metals is higher than that of
bcc metals because of the high dislocation bias factor. One possible
explanation is that the parameter fitting in EC316LN was per-
formed using the experimental data for 626 K and the temperature
dependence of the evolution of defect structure was not expressed
well in our model. Another possibility is that the effect of bias fac-
tor is insignificant under damage evolution with high dose protons
since there are differences in the evolution of defect structure be-
tween fission neutron irradiation and proton irradiation. More
experimental results are required for high dose proton irradiation
at high temperature.

4. Conclusion

Reaction kinetic analysis was used to estimate the evolution of
the damage structure of F82H and EC316LN under 800 MWth ASD
conditions. Parameters were fitted by STIP experiments. The two
alloys showed almost the same behavior between 2.1 � 10�3 and
210 dpa. The concentration of bubbles was almost constant and
the bubble size increased, while the concentration of interstitial
type dislocation loops increased and their size remained constant.
The swelling increased almost linearly with irradiation dose be-
tween 673 K and 773 K, indicating the steady-state growth region
of bubbles with irradiation damage.
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