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Materials used for ADS, ITER, fast reactor, etc suffer very high dose irradiations of protons
and/or neutrons. The yearly accumulated irradiation doses could reach a couple of hundred dpa
in ADS, ~40 dpa in fast reactors and ~30 dpa in ITER’s DEMO, producing severe radiation
damage in materials and leading to a breakdown or accident of these installations. Investigation
of such high dose irradiation induced radiation damage is a currently interesting topic with great
importance. It is deeply hampered for lack of high dose neutron and proton sources. The heavy
ion irradiation simulation technique has been developed at HI-13 tandem accelerator to
investigate radiation damage encountered in the above mentioned installations. An experiment
was carried out to verify the reliability and validity of heavy ion irradiation simulation. A series
of experiments were performed by heavy ion irradiation simulation in combination with positron
annihilation lifetime spectroscopy to investigate the temperature and dose dependence of
radiation damage in stainless steels, tungsten, tantalum, etc. Some experimental results will be

presented and discussed.

1. INTRODUCTION

The ADS and ITER are a novel innovative
idea for the sustainable development of
nuclear power system. However, radiation
damage (RD) induced by high dose
irradiations is a serious problem. Very high
dose protons and/or neutrons irradiate the
beam window, target and structural materials
in the ADS and the structural, plasma facing
and blanket materials in ITER. The yearly
accumulated irradiation doses can reach a
couple of hundred dpa in ADS, ~30 dpa in
ITER’s DEMO. In addition, for fast, fission
and fusion reactors, the yearly accumulated
neutron irradiation dose can arrives at
30-40 dpa in structural materials. The
consequence of RD is radiation-induced
micro-structural change that in turn causes
macroscopic property changes of materials.
RD greatly threatens the safe operation of
nuclear installations and must be considered in
their design and long-term operation.

The consequence of RD is radiation -
induced microstructural change that in turn
causes macroscopic property changes of mate-
rials. RD greatly threatens the safe operation
of nuclear installations and must be considered
in their design and long-term operation.

The investigation of RD induced by high dose
neutrons and/or protons is a currently
interesting topic with great importance. The
lack of high dose neutron and proton sources
deeply hampers this investigation in laboratory.
The advent of heavy ion accelerators provides
a way for the laboratory study of RD produced
by high dose neutron and/or proton irradiation.
RD is caused mainly by atomic displacement
in materials. The displacement rate of heavy
ions is ~10°-10" orders higher than that of
neutrons and protons. High displacement rate
of heavy ions significantly reduces the
irradiation time. For examples, it takes 10
years for fission neutrons of 10" ecm™s™ to
conduct an irradiation of ~30 dpa in fission
reactors, and 1.5 years for 14 MeV fusion
neutrons of 2 MW-m™ in fusion reactors, while
only a few hours or days by energetic heavy
ion irradiation. Hence, the heavy ion
irradiation simulation (HIIS) has been adopted
to investigate the high dose neutron and proton
induced RD. However, so far, no experiment
has been performed to verify its reliability and
validity. HIIS is often questioned, especially,
for simulation of neutrons.

The HIIS technique has been developed at
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China Institute of Atomic Energy (CIAE) to
investigate RD encountered in the above
mentioned installations in laboratory. A
verification experiment for the reliability and
validity of HIIS has been carried out for the
first time by investigating RD and its thermal
annealing behavior in a-Al,Os irradiated at
equivalent dose by 85 MeV '°F ions and by
E,>1 MeV neutrons, respectively. A series of
experiments have been performed by HIIS to
investigate RD in stainless steels, tungsten,
tantalum, etc at irradiation temperatures
ranging from room temperature to 800 °C and
in the irradiation dose region up to 100 dpa.

2. EXPERIMENTAL VERIFICATION
OF HIIS [1]
2.1. Experiment

The a-AlOs single crystal samples of
11x11x1 mm were used in the experiment. The
En>1 MeV neutron irradiation to a fluence of
3-10* cm™ was performed at ~75 °C in the
JJIR-2 reactor at Japan Atomic Energy
Research Institute. The heavy ion irradiation
was carried out at China Institute of Atomic
Energy. The samples were irradiated at room
temperature by the 85 MeV "F ions from the
HI-13 tandem accelerator to a fluence of
5.28:10'° cm™, which is equivalent to the
En>1 MeV neutron fluence of 3- 10%° cm™. The
post-irradiation annealing was conducted
under nitrogen atmosphere for 40 minutes
from 100 to 1050 °C in steps of 50 °C.

The detection of vacancies and voids or RD
induced by irradiation was accomplished by a
positron lifetime technique. The positron
lifetime spectra were measured at room
temperature after irradiation and annealing at
different temperatures, using a conventional
BaF, fast-fast coincidence positron lifetime
spectrometer with a time resolution of 210 ps.
Two identical samples were arranged as a
sandwich with a 0.8 MBq positron source in
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the center. The lifetime spectra each contained
1.5-10° counts were analyzed with an LT
program. Besides the source components, the
measured lifetime spectra were fitted with two
or three lifetime components. The fitting
variance was all less than 1.3.

2.2. Results and discussion

The lifetime spectra were well fitted with
two lifetime components t; and 7T, below
~450 °C, and the third long-lifetime component
t3needed to be added above ~450°C,
otherwise, the fitting variance was unacceptable.
Fig. 1 shows as a function of post annealing
temperature the obtained lifetimes T, T, and
13 and their intensities I, and Is (I;+Ix+I5=1) in
the a-Al,Os; irradiated by neutrons and YF jons
of equivalent dose, respectively. It can be seen
that all the positron annihilation parameters of
lifetime and intensity in the heavy ion
irradiated a-Al,Os are in good agreement with
the ones in a-Al,Os irradiated by neutrons of
equivalent dose. This clearly shows that the RD
induced by neutrons and heavy ions of
equivalent dose and, even, its detailed thermal
annealing behavior are exactly the same.
Therefore, a conclusion can be made that the
heavy ion irradiation can well simulate the
neutron and/or proton irradiation and opens a
way to reliably investigate the radiation effects
generated by high dose neutron and/or proton
irradiation that could hardly be performed
within a reasonable time period in laboratory.
Though the current experiment was carried out
for the insulator a-Al,Os irradiated by heavy
ions and neutrons, one can imagine that if the
heavy ion irradiation can reliably simulate the
neutron irradiation, it can certainly simulate the
proton irradiation; also if the heavy ion
simulation can be used for insulators, it is no
doubt for metals. The physics which can be
extracted from the obtained positron lifetimes
and intensities in the present experiment will be
discussed elsewhere.
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3. EXAMPLES OF HIIS
INVESTIGATION OF HIGH DOSE
IRRADIATION INDUCED RD
IN MATERIALS
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3.1. Temperature and dose dependence

The modified 316 austenitic SS (MSS) is

of RD in modified stainless steel [2]
3.1.1. Experiment
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Fig. 1. Positron lifetimes (right) and their
intensities (left) as a function of post annealing
temperature in a-Al,Os irradiated by neutrons

or heavy ions of equivalent dose

P-0.007%, S-0.007%, Mn-1.78%, Si-0.52%,
C-0.048% and Fe balanced to 100% (wt.%)
and cold-worked by 20%. The cold-working
and minor element addition aimed at
improving radiation  resistant  property,
especially, reducing radiation swelling. The
size of MSS samples was ¢ 23xx0.5 mm. The
sample thickness was five times greater than
the positron range. The samples were

composed of Cr-15.05%, Ni-14.76%, Ti-0.32%, mechanically polished to a mirror-like surface.
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In the temperature dependence study the
samples were irradiated in a
variable-temperature and multi-sample
irradiation chamber by 70 MeV "°C ions from
the HI-13 tandem accelerator. The irradiation
temperature ranged from room temperature to
802 °C with an accuracy of +5°C. The
temperature dependence was performed at a
damage rate of 2.1 dpa-h™ for two doses of 21
and 33 dpa. In the dose dependence study
80 MeV '’F ions were used to irradiate the
samples at room temperature. The irradiation
dose ranged from 0 to 100 dpa with a damage
rate of 3.9 dpa-h™.

The positron lifetime measurements were
performed at room temperature for the
un-irradiated samples and the samples
irradiated at different temperatures and doses.

3.1.2. Results and discussion

The annihilation lifetime trof free positrons
is 110 ps in stainless steel (SS) and the
annihilation lifetimes of positrons trapped at
the mono-vacancy, di-vacancy and dislocation
are Tiy = 1.31, Toy = 1.57;, and 745 = 169 ps,
respectively. For the un-irradiated MSS
samples 1;=147ps and 1,=271ps were
obtained. Here the obtained t; 1s assumed to be
a weighted average of annihilation lifetimes of
the free positrons and the positrons trapped at
the mono-and di-vacancies and dislocations,
and 1, is attributed to the vacancy clusters or
voids (these definitions of t; and T, are used
throughout this paper). The annealing
temperature dependence of t; and 1, was first
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measured for the un-irradiated MSS samples.
71 decreases with increasing the annealing
temperature and reaches 110 ps at 800 °C, and
T, approaches to 255 ps at 800 °C.

For the irradiated MSS samples, the
dependence of t; and t, on irradiation
temperature is shown in Fig.2 for 21 dpa
irradiation. At room temperature T, is almost
the same as 1, in the un-irradiated samples,
while t;is 155.3 ps. Both 1; and 1, reach their
peak values of 157.4 ps and 373.0 ps at 580 °C.
At 802 °C, 1,=128.2 ps and 1, =307.1 ps, and
both of them are larger than the values of T
and 1, in the un-irradiated sample annealed at
800 °C. It can be seen from Fig.2 that the
mono- and di-vacancies, dislocations and
different-size vacancy clusters (or voids) were
produced at different irradiation temperatures
in MSS. The fractions of the mono- and
di-vacancies and dislocations decrease with
increasing the irradiation temperature except at
580 °C, which can be interpreted by the fact
that t; is a weighted average of annihilation
lifetimes of the free positrons and the positrons
trapped at the mono-and di-vacancies and
dislocations and the free positron lifetime is
the smallest among them. t; shows a peak at
580 °C. The competition between the defect
combination by thermal motion and the defect
thermal annealing causes an increase of the
di-vacancy fraction, resulting in a peak at this
temperature (see below). The biggest voids or

clusters characterized by 1, were also observed
at 580 °C, which will be discussed below.
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Fig. 2. Comparison of positron lifetime t, in irradiated and unirradiated MSS
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Fig. 3 shows the irradiation temperature
dependence of positron lifetime 1, in MSS
irradiated to 21 and 33 dpa. The temperature
dependence obtained at 33 dpa also exhibits a
peak at 580 °C. It can be seen that below the
peak temperature the variation of positron
lifetime 1, with irradiation dose increases with
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irradiation temperature. The higher the
irradiation temperature, the larger the increase
of lifetime 1, with irradiation dose. This also
indicates that the RD depends more sensitively
on irradiation temperature than on irradiation
dose.
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Fig. 3. Temperature dependence of positron lifetime t, and average void diameter in MSS
irradiated to 21 and 33 dpa

The radius of voids can be estimated by
RVZ(NZ)I/3 Is O RVZ(N)” 3 Ryws, where Ry 1S the
Wigner-Seits radius, N is the number of
vacancies contained in a void that can be
deduced from 1,, Z is the valence, r; =
(0.757n)"? is the density parameter in the unit
of Bohr radius ay and n is the number density
of conduction electrons. For iron we have r, =
2.12ap, Z = 2 and Ry = 2.67a,. Fig. 3 also
shows the calculated average diameters of the
observed voids or clusters at different
irradiation temperatures up to 802 °C at the 21
and 33dpa. The temperature affects
significantly the void diameter and thus
radiation swelling. There is a swelling peak of
SS in a temperature region of fast reactor
operation. The swelling peak of SS occurs
usually in 450-650 °C, depending on the
SS-type. At lower irradiation temperatures the
defects are less mobile and the probability to
form larger clusters is small, at higher
irradiation temperatures the vacancy annealing
takes place, and the swelling occurs only in a
certain temperature. In the present case the
radiation swelling peak was observed at 580
°C and the corresponding voids contain 14 and
19 vacancies and have average diameters of
0.68 and 0.82nm for 21 and 33dpa
irradiations, respectively. As mentioned above,

the cold-working treatment and adding of
minor stabilizing elements can greatly
suppress radiation swelling in SS. Though a
radiation-swelling peak was detected at 580 °C,
and the average diameter of voids is just 0.68
or 0.82 nm at 21 dpa or 33 dpa. This swelling
is much smaller than that in common stainless
steels, in which the void with an average
diameter of 25.8nm was found for the
irradiation at 560°C to a total dose of
3.2:10”n-cm™, which is equivalent to the
present dose of heavy ion irradiation.

The dose dependence of the positron
annihilation lifetimes t; and 71, and the
variation of produced void size are shown in
Fig. 4 for MSS irradiated at room temperature
by 80 MeV 'F ions with a damage rate of
3.9 dpah™. It can be seen that t; and T, all
increase with the increasing of irradiation dose,
indicating that irradiation generates the mono-
and di-vacancies, dislocations and vacancy
clusters or voids. The lifetime 1, is closely
connected to the size of vacancy clusters or
voids, and longer lifetime 1, corresponds to a
larger size of vacancy clusters. Therefore, the
increase of 1, indicates the formation of larger

size vacancy clusters. From the obt: -~
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lifetime t, we arrive at that the vacancy
clusters contain 8 vacancies and reach an
average diameter of 0.55nm at 100 dpa.
Compared to the vacancy cluster size in the

un-irradiated MSS, the size increase at 100
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dpa is less than 0.1 nm, illustrating good
radiation resistant property. Fig. 4 also shows
a tendency that the lifetime 1, or vacancy
cluster size approaches its saturated value at
75 dpa.
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Fig.4. Dose dependence of positron lifetime 1, and the produced void size

in MSS irradiated by 80 MeV'

3.2. Comparison of Radiation Effects
in Stainless Steels and Tungsten [3]

3.2.1. Experiment

The samples used in the experiment were
modified 316 austenitic stainless steel (MSS) and
commercially available stainless steel (SS) and
tungsten (W). SS was thel8Cr-9Ni-Ti stainless
steel. The purity of W was 99.9%. The samples
were irradiated at room temperature by 80 MeV

12C or 85 MeV 19F ions from the HI-13 tandem
accelerator. The irradiation doses were 2.0 and
20.0 dpa for W, 2.28 and 22.8 dpa for SS, 30.0
dpa for MSS.

3.2.2. Results and discussion

The positron annihilation lifetimes t; and 1,
and their relative intensities I; and I, were
obtained for MSS, SS and W. The long lifetime
T, is attributed to the positrons trapped at
vacancy clusters or voids. The longer the lifetime
15, the larger the vacancy cluster or void.

Table shows the comparison of the lifetime
T, in W, SS and MSS irradiated to 20, 22.8 and
30 dpa, respectively. Fig. 5 shows the deduced
average diameters of the voids produced by the
irradiation in MSS. SS and W. It can be seen
that RD is very severe in W, sizeable in SS and
very small in MSS.
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The irradiation induces the voids
19-vacancy with an average diameter

0.79 nm clusters in W, 10-vacancy clusters with
a diameter of 0.57 nm in SS and 5-vacancy
clusters with a diameter of 0.47 nm in MSS and



their relative intensities are in turn 33, 23.8 and
19.6%. One can say that among the three
samples investigated in the present experiment
the modified 316L stainless steel (MSS) has the
best radiation resistant property, and the
radiation resistant property of the commercially
available tungsten (W) is worst.

3.3. Dose dependence of RD in tungsten
& tantalum
3.3.1. Experiment

W and Ta samples used in the experiment
were all commercial products with a purity of
better than 99.9%. They were irradiated at room
temperature by 80 or 90 MeV '°F ions from the
HI-13 tandem accelerator in the dose range from
0 to 90 dpa. The RD created in the samples was
examined by a positron annihilation lifetime
technique.
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3.3.2. Results and discussion

It can be seen that from the obtained lifetimes
and their relative intensities that the mono- and
di-vacancies, dislocation and different-size
vacancy clusters (or voids) were produced by
irradiation. The concentrations of the mono- and
di-vacancies, dislocation and vacancy clusters
and the size of the vacncy clusters increase with
the increasing of the irradiation dose. Fig. 6
illustrates the size variation of produced voids or
vacancy clusters with the irradiation dose for W
and Ta. It shows that the void diameter rises
rapidly below 20 dpa and then increases slowly
with W faster than Ta. This variation with dose
is much different from that for the modified 316
austenitic stainless steel (MSS) as shown in

Fig.4.

o o =

© © o

1 1 1 J
u

o
N

Ta

Average diameter of micro void (nm)
o o o o o o
BN ® s O oo Q
1 1 1 1 1

o
S}
1 1

]
Irradiation dose(dpa)

5
2

T T T T T 1
0 20 40 60 80 100

Fig. 6. Variation of average void diameter with irradiation dose in W and Ta

4. SUMMARY
The HIIS makes it possible to investigate
RD induced by high dose neutron and/or proton
irradiations in lab in a reasonably short time
period. A verification experiment has been
performed for the first time to demonstrate the
reliability and validity of HIIS. A series of HIIS
experiments have been performed at China
Institute of Atomic Energy, which provide
useful RD data of SS, W, Ta, etc. for use in
ADS, ITER, etc.
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OBJYYEHHUEM MATEPHUAJIOB BOJIbIIUMHU TO3AMMU,
C UCIIOJIb3OBAHMEM OBJYYEHMUS TAXKEJIBIMHA NOHAMU

Encnan XKenz, Hu 3yo, ﬁonzdafcyn Kcy, /lakune KOan, /loemen 7Ky, Axmam Ilonam,
Ilunz @an, /Pcarxcene Ky, Kukoan Bane, Xaiinone Jlyo u Illenoscyn Ky

Marepuansl, ucnonb3dyembie B ADS, ITER, ObicTpom peakTope, HOIBEPKEHbI OUYEHBb
BBICOKMM JI03aM OOJIy4eHHsI MPOTOHAMHU W/WIM HEUTpoHaMU. OTO OOJIy4yeHHE BBI3BIBACT
CepbE3HOE pPATUAIMOHHOE TOBPEXKICHHE MAaTEepHalioB, YTO MPHUBOJUT K pa3pyLICHUIO ITHUX
YCTAaHOBOK WJIM HUX aBapuu. lVccienoBaHue paJMallMOHHBIX TOBPEXACHUHN, BBI3BAHHBIX
00sydeHreM OOJIBIIMMHU J103aMHU, SIBIIIETCS BeCbMa aKTyalbHON U BaXKHOU 3amayeit. OHAKO 3TO
HCCIIEIOBaHNE TOPMO3UTCS H3-32 OTCYTCTBUSL HEWTPOHHBIX M MPOTOHHBIX HCTOYHMKOB,
MMEIOIIUX BBICOKHE TNIOTHOCTH MOTOKA YacTUIl. MOJeNUpPOBaHHE C UCTIOIb30BAHUEM O0IyUeHuUs
TSOKEJIIBIME  MOHAMH  TIpefocTaBisieT AS((EeKTHBHBIA IMyTh TaKOro HCCleaoBaHus. MeTton
MOJICJIMPOBAHUS C HCIOJIB30BAHMEM OOJIYUYCHHUS TSDKEIBIMH HMOHAMHU Ha OCHOBE TaHJIEMHOTO
yckopurenst HI-13 mpumensiics B MHcTUTyTEe aToMHOM sHepruu Kurtas s ucciaegoBaHUs
paAMalMOHHBIX MOBPEXKICHHM, BCTPEUAIOIINXCS B BBIIMICYMOMSIHYTHIX ycTaHOBKax. [IpoBepeHa
HAJC)KHOCTh U JOCTOBEPHOCTh MOJICTHPOBAHUS C MOMOIIBI0 OONYYCHHS TSHKEIBIMH MOHAMU;
BBITIOJIHEH DSl SKCICPUMEHTOB ITyTEM MOJICIUPOBAHUS OOJYUYEHUsI TSKEJIBIMA HOHAMH B
COUYETaHUHM CO CIEKTPOCKOMHEH BpPEMEHU >KH3HU TMO3UTPOHOB JI H3YYEHHs] 3aBUCUMOCTHU
paAMalOHHBIX TOBPEXKACHUN OT TeMIIepaTyphl U TO3bI VISl HEPXKABEIOLIUX cTajeil, Boabhpama,
TaHTana u T.1. [IpeacraBneHsl 1 00CyXIal0TCs HEKOTOPBIC YKCIIEPUMEHTATbHBIC PE3YIbTATHI.

MOJIEJIOBAHHSA PAJIIAIIIMHUX E®EKTIB, 3YMOBJEHUX OITPOMIHEHHSIM
MATEPIAJIIB BEJIUKUMU TO3AMU, 3 BUKOPUCTAHHAM OITPOMIHEHHSA
BAKKUMH IOHAMUA

Honznan Kene, Hi 3yo, ﬁonzo.m'yn Kcy, /lakinz KOan, /loemeni 7Ky, Axmam Ilonam,
Iline @an, /Preasicens Ky, Kuxvan Bane, Xaiinone Jlyo i lllenoicyn Ky

Marepianu, no BukopuctoBytoThcs B ADS, ITER, mBuakomy peaktopi, migaHi BUCOKHM
7I03aM OIPOMIHEHHSI MPOTOHAMH Ta/a00 HeWTpoHamu. lle ONMpOMiHCHHS BUKIIHMKAE CEpUO3HE
paniariiiHe MOIIKOKEHHS MaTepiaiiB, 0 MPU3BOAUTD 0 PyHHYBAaHHS IIUX yCTaTKyBaHb a0o0 iX
aBapii. JlochmipkeHHS pamialliiHAX —ITONIKOJKEHb, 3YMOBJICHHX OIPOMIHCHHSM BEITUKUMU
JI03aMH, € JIOCHTh aKTyaJIbHUM Ta BAXIUBUM 3aBIaHHsIM. OIHAK 1€ JOCITIHKCHHS TaJbMy€ThCS
BHACTIIOK BIJICYTHOCTI HEHTPOHHMX Ta MPOTOHHUX JDKEpEN, IO MaloTh BUCOKI IIIIHHOCTI
MOTOKIB YacTOK. MOJIEOBaHHS 3 BUKOPUCTAHHSAM ONPOMiIHEHHS BOKKHUMH 10HAMHU TIPEJICTABIISE
e(PeKTUBHUHN MUISIX TAKOTO JTOCIHIHKCHHS. METO MOJISITIOBAHHS 3 BUKOPUCTAHHSM OMPOMIHEHHS
BOXKMMH 10HaMH Ha OCHOBI TaHAEeMHOro mpuckoproBada HI-13 3actocoByBaBcs B IHCTHTYTI
aTOMHOI eHeprii Kuraro [uist TOCHipKEeHHS paIiallifiHuX TONIKO/PKEHb, IO CIOCTEPIraroThes Y
BHUIIIE3a3HAUCHUX YCTaTKyBaHHSX. llepeBipeHa HaIilHICTh Ta TOCTOBIPHICTH MOJETIOBAHHS 32
JIOTIOMOTOI0  OTIPOMIHCHHSI B@)XXKHMMH 10HAMH;, BHKOHAHO HH3KY EKCIICPUMCHTIB IIIITXOM
MOJICJTFOBaHHS BaXKUMH 10HAMH y TIOE€JTHAHHI 31 CIIEKTPOCKOITIEI0 Yacy >KUTTS MO3UTPOHIB JIS
BHUBUEHHS 3QJIEKHOCTI pajiallifHUX TMOMIKOJKEHb BiJ TEMIEpaTypH 1 JO3H ISl HEePrKaBIIOUHX
cTanei, Bonbppamy, TaHTamy 1 T.4. [IpeacTaBieHi 1 0OroBOPIOIOTHCS 1Kl €KCIIEPUMEHTAbHI
pe3yIbTaTH.
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