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Abstract: Dependence of radiation damage in the modified 316L stainless steel has been investigated

on irradiation temperature from room temperature to 802 “C at 21 and 33 dpa and on irradiation

dose up to 100 displacemets/atom(dpa) at room temperature by the heavy ion irradiation simula-

tion and positron annihilation lifetime techniques. A radiation swelling peak was observed at ~580

C where the vacancy cluster contains 14 and 19 vacancies and has an average diameter of 0. 68 and

0. 82 nm, respectively for the 21 and 33 dpa irradiations. The size of the vacancy clusters increases

with the increasing of irradiation dose, and the vacancy cluster produced at 100 dpa consists of 8

vacancies and reaches a size of 0. 55 nm in diameter, The experimental results show that the radia-

tion damage in this modified 316L stainless steel is more sensitive to irradiation temperature.
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1 Introduction

Stainless steel (SS) is an important target
structural material for spallation neutron source.
Spallation neutron source is cne of the key parts of
the accelerator driven system (ADS) U, which
provides source neutrons to drive a sub-critical as-
sembly. As a target structure material of spallation
neutron source, SSis irradiated by high-energy and
intense protons and/or neutrons during operation.
The accumulated displacement damage dose per
year is estimated to be a couple of hundred dis-
placemets/atom (dpa) in ADS. Severe radiation
damage in SS would lead to a breakdown or acci-

dent of ADS. Therefore, investigation of radiation
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damage in SS at such high doses is of great impor-
tance for the design and safe operation of ADS, It is
desirable to use SS with good radiation resistant
properties as the target structural materials of
spallation neutron source.

Radiation damage produced in SS depends on
the irradiation temperature and dose. The present
work was motivated to investigate variation of radi-
ation damage in the home made modified 316L
stainless steel with irradiation temperature and
dose. No available neutron and proton sources can
be employed directly in laboratory to study radia-

tion damage at such high doses encountered in
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ADS. The radiation damage rate of heavy ions is
much higher than that of neutrons and protons and
it just takes minutes or hours to reach tens of dpa
by energetic heavy ion irradiation'”?, which makes
it possible to investigate the radiation damage at
high doses. Therefore, in the present study the
heavy ion irradiation was adopted to simulate the
high dose proton and neutron irradiation. The pos-
itron annihilation lifetime technique was utilized to
look at the produced radiation damage microscopi-

cally.

2 Experimental

The SS samples used in the experiment were
the home made modified 316 austenitic stainless
steel (MSS), the size of which was $23 mm X0.5
mm. The samples were mechanically polished to a
mirror-like surface. MSS was made of Cr-15.05%,
Ni-14. 76 %, Ti-0. 32%, P-0. 007%, S-0. 007%,
Mn-1.78%, Si-0.52%, C-0.048% and Fe balanced
to 100% and treated by the 20% cold working.
The cold-working and Ti-addition aimed at impro-
ving radiation resistant property, especially reduc-
ing the radiation swelling.

In the measurement of temperature depend-
ence the MSS samples were irradiated by the 70
MeV carbon ions from the HI-13 tandem accelera-
tor at China Institute of Atomic Energy. The irra-
diation temperature ranged from room temperature
to 802 T, and the temperature accuracy was +5
C. The temperature dependence was performed at
In the

measurement of dose dependence the MSS samples

two irradiation doses of 21 and 33 dpa.

were irradiation by the 80 MeV fluorine ions up to
100 dpa at room temperature. The displacements
per atom introduced by the heavy ion irradiation in
the sample were calculated by a TRIM pro-
gram[s‘(’].

The radiation damage generated in the samples
was examined by a positron annihilation lifetime
technique. The positron lifetime measurements

were performed at room temperature for the un-ir-

radiated samples and the samples irradiated at dif-
ferent irradiation temperatures and doses. A fast-
fast coincidence positron lifetime spectrometer with
a pair of BaF, scintillation detectors was used, the
time resolution of which is 210 ps to Co 7Y rays.
Two identical samples irradiated at the same condi-
tion were arranged as a sandwich with a 1. 1 MBq
Na positron source in the center. Besides the
source components, all measured positron lifetime
spectra were fitted by a PATFITY or LT™¥ pro-

gram with two lifetime components 1 and 7;, and

the fitting variance was less than 1. 3.

3 Results and Discussion

3.1 Dependence of irradiation temperature

The annihilation lifetime ,of free positrons 1s
110 ps in SS and the annihilation lifetimes of posi-
trons trapped at the mono-vacancy, di-vacancy and
dislocation are r,, =1, 3 7y, 7, =1. 577, and T4 =

169 ps, respectively U1,

In the data analysis, 7| is
assumed to be a weighted average of annihilation li-
fetimes of the free positrons and the positrons
trapped at mono-and di-vacancies and dislocation,
and 1, is attributed to small vacancy clusters or
voids,

The temperature dependence of 7, and 7, was
measured at first for the un-irradiated MSS samples
in order .to know the variation of the intrinsic de-
fects with annealing temperature, 7, = 147 ps and
r,= 271 ps were obtained at room temperature. T
decreases with increasing the annealing tempera-
ture and arrives at 110 ps at 800 °C, and t; approa-
ches to 255 ps at 800 C.

The dependence of r, and T, on irradiation
temperature 1s shown in Fig. 1 for 21 dpa irradia-
tion. At room temperature 7, is almost the same as
the one in the un-irradiated samples, while 7; 1s
155, 3 ps. Both r; and t, reach their peak values of
157.4 ps and 373. 0 ps at the irradiation tempera-
ture of 580 C. At 802 C r,=128.2 ps and 1, =
307. 1 ps, and both of them are larger than the val-
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ues of 7, and 7, in the un-irradiated sample annealed
at 800 C. 1 that the

mono- and di-vacancies, dislocation and different-

It can be seen from Fig.

size vacancy clusters (or voids) were produced in
the MSS irradiated by 70 MeV carbon ions to a
dose of 21 dpa at different irradiation tempera-
tures. The relative intensities of the mono- and di-
vacancies and dislocation decrease with the increas-
ing of the irradiation temperature. The dependence
of 7, on irradiation temperature shows that the big-

gest vacancy cluster appears at 580 C.
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Fig. 1 Positron annihilation lifetimes 7, and 7; as a {uncrion
of irradiation temperature in MSS irradiated by 70

MeV carbon ions ro 21 dpa.

Fig. 2 shows the temperature dependence of
positron lifetime 7, in MSS irradiated to 21 and 33
dpa. It can be seen that before the peak tempera-
ture the variation of positron lifetime 7, with irradi-
ation dose increases with the increasing of irradia-
tion temperature. The higher the irradiation tem-
perature, the larger the increase of lifetime 7, with
irradiation dose. This indicates that the radiation
damage depends on irradiation temperature more

sensitively than on irradiation dose,
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Fig. 2 Temperaturc dependence of positron lifetime 7, in
MSS irradiated to 21 and 33 dpa.

The radius of voids can be estimated from the
measured lifetime 7, by R, = (NZ)Y? r, or R, =
(N)l/3 Rws[lo.ll:l ,

dius, N is the number of vacancies in a void and

where R,. is the Wigner-Seits ra-

can be assigned by the lifetime 7, Z is the valence
number, r,= (0. 75 wa)'* is the density parameter
in the unit of Bohr radius «, and n is the number
density of conduction electrons. For iron r,= 2.12
aps Z = 2 and Ry, = 2. 67 a,t'™™. Fig. 3 shows
the calculated average diameter of the clusters ob-
served at different irradiation temperatures up to
802 °C for the 21 and 33 dpa irradiations. The size
of the vacancy cluster or radiation swelling depends
on irradiation temperature significantly, and the
radiation swelling peak was observed at ~580 C
where the corresponding void contains 14 and 19
vacancies and has an average diameter of 0, 68 and

0. 82 nm , respectively for 2 1 and 3 3 dpa irradia -

080+ * 2ldpa
07st
070+ © .
0.05 t .

060}

Q.55

P SR S W |

3 P N | i )
100 200 300 400 500 600 700 800 900
Irradiation temperature / ('C)

045

Average diameter of micro void / nm

0350 t’
i

Fig. 3 Dependence of void diamerter on irradiation tempera-

ture in MSS irradiated ro 21 and 33 dpa.

tions. The swelling peak takes place usually in the
temperature region from 450 °C to 650 °C, depen-
ding on the 8S type, processing procedure, etc.
This swelling peak can be understood easily. At
lower irradiation temperatures the created defects
are less mobile and the probability to form larger
clusters is small, and at higher irradiation tempera-
tures the defects annealing occurs. Thus, a swell-
ing peak arises in an intermediate temperature.
Though a swelling peak was detected, the swelling
in MSS is much smaller than that in normal stain-

less steels. The void with an average diameter of
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25. 8 nm was determined for SS irradiated at 560 C
to a dose of 3.2X10% n/cm?™?, which is equiva-

lent to the present irradiation dose.
3.2 Dependence of irradiation dose

The dependence of positron annihilation life-
times 7; and 7, and their relative intensities I, and
I, on irradiation dose is shown in Fig. 4 for M3S
irradiated at room temperature by 80 MeV fluorine
ions up to 100 dpa. It can be seen that the positron
lifetimes 7, and 7, and the relative intensity I, in-
crease with the increasing of irradiation dose. This
reveals that irradiation generates the mono- and di-
vacancies, dislocation and vacancy clusters. Be-
cause the lifetime 7, is a weighted average, the in-
crease of 7; means that the relative intensities of
the produced mono- and di-vacancies and disloca-
tion rise with the increasing of irradiation dose.
The lifetime 7, is closely connected to the size of
vacancy clusters or voids. The longer the lifetime
7,  the larger the vacancy cluster size. The increase
of 7,indicates the formation of larger size vacancy
clusters. The vacancy cluster with 8 vacancies and
a diameter of 0. 55 nm was obtained at 100 dpa.

In summary, dependence of radiation damage
in the home made modified 316L stainless steel has
been investigated on irradiation temperature from
room temperature to 802 °C and on irradiation dose
up to 100 dpa. The variation of the positron anni-
hilation lifetime 7, with irradiation temperature
shows a peak at ~580 ‘C where the biggest vacan-

cy cluster is observed. This biggest vacancy cluster
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B E AEETEHMENAEL FERAMBAFR T HH#A L FHHAE 21 733 dpa B E
MNETHEERG AT RIS CHEAEMEREE AP EET0-100dpa HI B HME X
FlEFh £580°CELERRABAEHENKE, A2 w33 dpa BRAMNET ALY ZHE LM &
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