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The influence of chromium on the radiation damage resistance of iron based alloys has been
studied using conventional positron lifetime technique and a pulsed low energy positron beam.
To simulate high neutron flux, the helium implantation has been used. Different levels of helium
doses (6.24:10'7-3.12-10" cm™) corresponding to a local damage of up to 90 dpa were
accumulated in a thin <1 um region. Four different binary FeCr alloys (2.6; 4.6; 8.4; 11.6 wt.%
of Cr) have been used in this study. The obtained results show that chromium has a significant
effect on the size and distribution of the created defects. The character of these defects has been
determined as large voids (>1 nm) and small vacancy clusters together with the initial

dislocations and small point defects.

1. INTRODUCTION

Structural materials used in today’s nuclear
power plants are considered as insufficient for
the new generation of nuclear power facilities,
e.g. generation IV fission reactors and fusion
reactors. High temperatures and high
irradiation loads on the reactor materials on
the one hand, and the required low activation
of these materials on the other hand, demands
the substitution of the low-alloy ferritic steels
and austenitic steels currently in use. The
Reduced  Activation  Ferritic/Martensitic
(RAFM) steels with high chromium content
(up to 12 wt.%) seem to be the most promising
materials, which meet these technical
demands. These ferritic/martensitic steels have
been originally developed for temperatures of
about 650 °C and higher steam pressures in
conventional power plants. In the 1970 s these
materials have been considered for nuclear fast
reactor programs and later as structural
materials for fusion reactors. This research has
introduced also the concept of low-activation
materials [1].

In the early development the chromium was
added only for corrosion resistance. However,
the nuclear applications of the chromium
ferritic/martensitic =~ steels  showed  the

importance of chromium as an alloying
element for the improvement of resistance to
radiation induced microstructural changes. In
particular, the decrease of the void swelling
due to chromium addition has been discussed
in the last decade [2, 3]. Currently, this
phenomenon is studied using experimental
techniques as well as computer simulations.

This paper discusses our recent positron
annihilation lifetime experiments focused on
the influence of chromium on the
microstructural changes in iron based alloys
under radiation treatment. Positron
annihilation lifetime spectroscopy is a suitable
techniques for the observation of small atomic
defects as they are created e.g. by cascade
collisions [4, 5]. To simulate high neutron
fluencies, helium implanted specimens have
been studied by conventional positron
annihilation lifetime spectroscopy (PALS) and
positron annihilation lifetime spectroscopy
with the slow pulsed positron beam PLEPS
(Pulsed Low Energy Positron System) [6] at
the high intensity positron source NEPOMUC
[7]. Applications of the PLEPS techniques on
reactor pressure vessel steels and advanced
nuclear materials are described mostly in [8-
10].
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2. EXPERIMENTAL
2.1. Materials and sample preparation

To study the influence of chromium
concentration on the radiation resisistance,
four Fe-Cr binary alloys with different Cr
content have been selected. The detailed
chemical composition of the alloys can be seen in
the Table 1. After casting, the obtained ingots were
cold worked under protective atmosphere to
fabricate plates of 9 mm in thickness. Further, the
alloys were treated for 3 hours at 1050 °C in high
vacuum for austenisation and stabilization. The
duration of the heat treatment was chosen so as to
get rid of any possible precipitation or phase
transformation that might have been happening

during hot rolling and also to allow a maximum
degassing of the alloys. This treatment was than
followed by air cooling to room temperature. The
tempering procedure is of critical importance for
this type of steel, and because the intention was to
compare the chemical effect and not the
microstructure alone, it was found that tempering
at 730 °C for about 4 hours followed by air
cooling, was the best to ensure a full
martensitisation especially the high Cr-content
model alloys. All the alloys were heat-treated to
ensure well defined martensitisation. More
detailed information about these materials and
the fabrication processes can be found in [11].

Table 1
Chemical composition of the studied materials
AY Lo | o | N | ¢ | v Si | Al | Ti [Ni| cu |V
L251 | 2.36 {0.035]0.012 {0.008 |0.009 |0.013 | 0.002{0.003 |0.004 |0.044 | 0.005 |0.001
L259 | 4.62 {0.066]0.013 | 0.02 | 0.02 |0.011| 0.006{0.003 |0.003 | 0.06 | 0.01 |0.001
L252 | 8.39 {0.067]0.015[0.021 | 0.03 |0.012| 7E-04{0.007 {0.003 | 0.07 | 0.01 |0.002
L253 |11.62{0.031]0.024 [0.028 | 0.03 | 0.05 | 0.006]0.003 [0.004 | 0.09 | 0.01 |0.002

"Measured after heat treatment.

The as-received materials have been cut to
the desired dimensions, ground and then
carefully polished to mirror-like surfaces
before exposure to helium implantation.
Subsequently, an non-implanted reference
sample and the implanted samples were
investigated with positrons.

2.2. Radiation treatment

To obtain cascade collisions in the
microstructure of the studied materials without
neutron activation, accelerated helium ions
have been used. Helium implantation at two
different energies and five different dose levels
has been performed at the linear accelerator of
the Slovak University of Technology in
Bratislava [12]. To ensure good sensitivity of
the employed positron lifetime techniques, the
ion energies were set to 250 and 100 keV. To
calculate the dpa (Displacement per Atom)
parameter, the depth sensitivity of the
experimental technique has to be considered.
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In the case of conventional PALS, the used
positron source, 22Na, has a continuous
spectrum of positrons up to energy of 545 keV
[13]. The  corresponding  exponential
implantation profile [14] has a mean
implantation depth of <10 um, and more than
99.9 % of positrons annihilate within 100 pm
from the surface. This value was used for
calculation of the average dpa (dpapars,
Table 2) for all levels of helium treatment. In
the case of monoenergetic positrons, the
implantation profile can be approximated by
the derivative of a Gaussian with an energy
dependent mean implantation depth [15]. The
highest available positron implantation energy
of 20 keV in our experiments corresponds to a
mean positron implantation depth of 0.7 um.
Thus, monoenergetic positrons with energies
between 10-20 keV sample the region of
expected highest radiation damage according
to the calculations in Table 2 (dpapLgps).



Table 2

Calculations of average DPA for different level of implantation in first 100 um layer
(DPAPALs) and 800 nm (DPAPLEps) of studied Fe-Cr alloys

Dose [ions/cm’] | 6.24-10"7 | 1,25-10" | 1,87-10" | 2,510 | 3,12:10"
(Clem?) (0.1) 0.2) (0.3) (0.4) (0.5)
DPApars 0.15 0.30 0.45 0.60 0,74
DPApiips 18.55 37.10 55.64 74.19 92.74

2.3. Positron annihilation lifetime
spectroscopy (PALS)

Positrons are very sensitive probes for
vacancy-type defects of atomic dimensions,
e.g. vacancies, vacancy agglomerates,
dislocations or inner surfaces. It is well
established that positrons may be trapped at
these defects and, because of the locally
reduced electron density, the lifetime of the
positron localized at the defect increases. This
lifetime has characteristic values for each
defect type and therefore it is possible to
separate  out various atomic  defect
configurations and their relative abundance
with very high sensitivity (~1 ppm) and in a
non-destructive way [16]. In conventional
positron lifetime spectroscopy, radioactive B
isotopes with positron energy distributions up
to several hundreds of keV are used.
Therefore, depending on the density of the
material, the positrons sample defects at depth
of hundreds of micrometers below the surface.
Consequently the spatial resolution is of the
same order and all finer details on the (sub)
micrometer scale are blurred. To gain more
detailed information on the depth distributions
of the defects with positron lifetime
spectroscopy, pulsed monoenergetic positrons
beams of variable energy are required. For our
purposes, both techniques provide useful
information.

The conventional positron lifetime
measurements have been performed for all
materials and all damage levels in the PALS
laboratory at the Slovak University of
Technology.

Depth profiling of defects up to one
micrometer below the surface has been
performed on the non-implanted Fell.62%Cr
sample and three Fell.62%Cr samples with
different damage levels wusing positron
implantation energies between 1 and 18 keV.

The depth profiles were measured with the
Pulsed Low Energy Positron System (PLEPS)
[6] at the high intensity positron source
NEPOMUC [7] at the research reactor FRMII
at TUM.

3. RESULTS AND DISCUSSION
3.1. Conventional PALS measurements

The measured positron lifetimes spectra
were analyzed using the LT 9.0 program [17].
All the lifetime spectra could be decomposed
into three lifetime components with variances
close to one. The longest lifetime t3 (> 600 ps)
with a very low intensity (< 1.5%) was similar
in all measurements and shall not be discussed
here.

The short lifetime of about 100 ps,
describing positron annihilation in the
undisturbed bulk material has been found in all
materials at all implantation levels.

Fig. 1,a shows the second lifetime 1, as a
function of chromium content and the helium
implantation dose. This lifetime can be
associated with the trapping of positrons in
dislocations and small vacancy type defects. In
the low chromium alloys (L251, L259) the
defect lifetime increased with the implantation
dose up to 235ps. This value may be
associated to small clusters of 4- 5 vacancies
or slightly larger clusters containing helium. In
the high chromium alloys (L252, L253) the
defect lifetime increases from 180 ps in the
untreated specimens to <200ps in the
damaged specimen.

The intensity I, of the second lifetime 1, is
shown in Fig. 1,b and is almost independent
from the implantation dose. However, it is
increased for the high chromium alloys. This
points to a higher density of uniformly
distributed defects, which are smaller than in
the low chromium alloys.
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Fig.1. Positron annihilation in defects (component 2). Positron lifetime (a) and intensity of the
annihilation (b)

These measurements clearly show that
larger defects are created in the materials by
the helium implantation. However, these
defects are mostly created within one pm from
the specimen surface. To study this damage
zone in more detail with positron lifetime
technique, measurements with PLEPS have
been performed on the Fel1.62%Cr samples.
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3.2. PLEPS measurements

The measured positron lifetimes spectra
were analyzed using the LT 9.0 program [17]
and a modified version of PosFIT [18]. The
differences of these two analyses were
negligible. All the lifetime spectra could be
decomposed into three lifetime components
with variances close to one.



Fig. 2a, 2b shows the positron mean
lifetime as a function of helium implantation
dose and mean positron implantation depth.
The positron mean lifetime (MLT) is
increasing with the implantation dose, thus
indicating the creation of defects due to
implantation.

The increase of the MLT close to the
surface (<200 nm below the surface) is
probably due to positrons annihilating in
surface oxide layer. At higher depths the
course of the MLT depth profile corresponds
to the expected zone of maximum damage.
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In the zone of maximum damage in the
implanted specimens two different defect
lifetimes have been observed. The shorter
lifetime between 240 and 300 ps could be
assigned to small vacancy clusters <6
vacancies or larger clusters filled with helium
[19]. The longer lifetime between 400 and
500 ps corresponds to annihilation in large
voids (>1 nm) [20]. The intensity of this
longer component (I3) increases dramatically
with the helium implantation dose as can be
seen from Fig. 2b. The course of the I3 depth
profile again corresponds to the expected zone
of maximum damage.
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Fig. 2b. Intensity of annihilation in large defects (voids) measured in Fel 1.62%Cr alloy
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4. SUMMARY AND CONCLUSIONS

The present work demonstrates that
conventional positron annihilation lifetime
spectroscopy can provide valuable information
about the microstructure of helium implanted
Fe-Cr alloys. At the same time the connection
between results from this technique and the
pulsed slow positron beam lifetime
measurements has been studied.

Positron lifetime experiments show that
chromium plays an important role in the
formation of the microstructure under
radiation treatment. In particular, higher
chromium content in FeCr alloys leads to a
higher density of uniformly distributed small
defects.

Depth profiles of defects, obtained with
PLEPS, in the helium implanted region reflect
the helium implantation profiles and show the
creation of small vacancy clusters and large
voids. These defects cannot be observed by
any other technique in a non-destructive way.
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CILVTABBI Fe-Cr, UMIIVIAHTUPOBAHHBIE I'EJIMEM N UCCJIEJJOBAHHBIE
METOJA0OM U3MEPEHMS BPEMEHMU KU3HU ITO3UTPOHOB

Bnaoumup Kpcak, Bepnep 3eeep, Mapmun Ilempucka, Cmanucnae Coak

WccnenoBanock BAMSHUE XpOMa HA CTOMKOCTh K paJlMallUOHHOMY TTOBPEXICHUIO CIJIABOB Ha
OCHOBE JKeJe3a C TOMOIIbIO OOUIETTPUHSATOTO METOa U3MEPEHHSI BPEMEHHU JKU3HH MO3UTPOHOB U
MMITy/TbCHOTO TIy4Ka MO3WTPOHOB HU3KOH dHEPruu. Pasmuumble ypoBHH 103 remms (6,24-10'-
3,12-1018 CM'z), COOTBETCTBYIOIIME  JIOKATHbHOMY  MOBpeXkAeHHI0 10 90 cmemr./aTom,
HAKaIUTMBAJIMCh B O0JIACTH TONIIUHOW MeHee | MkM. B Hacrosimedl paboTe HCIOIh30BAINCH
yeTbipe OuHapubix cmiaBa Fe-Cr (2,6; 4,6; 8,4; 11,6 Bec. % Cr ). IlomyuyeHHble pe3ynbTaThl
MOKAa3bIBAIOT, YTO XPOM OKAa3bIBACT 3HAYMUTEILHOE BIIMSHUE HA pa3sMep M pachpeneiieHue
CO3aHHBIX JAePEeKTOB. XapakTep 3TUX ACPEKTOB Ompenessics B Buae Oonpiiux nop (>1 HM) u
MaJIbIX BAaKaHCHOHHBIX KJIACTEPOB HAPSAy C HAYAJbHBIMU JUCIOKAIIUSIMUA U MAJIBIMUA TOYCUHBIMU
nedexraMu.

CIIVIABU Fe-Cr, IMIINIAHTOBAHI I'EJIIEM TA JOCJIIKEHI METOAOM
BUMIPIOBAHHS YACY KUTTA IIO3UTPOHIB

Bonooumup Kpcaxk, Bepuep E2zep, Mapmin Ilempicka, Cmanicnaé Cosax

JocnimxyBaBcs BIUIMB XpOMY Ha CTIMKICTh A0 pajialiifHOTO MOIIKOKEHHS CIIJIaBiB Ha
OCHOBI 3aJ1i3a 32 JJOMTOMOT OO 3arajJbHOBU3HAHOTO METOY BUMIPIOBAHHS Yacy KHUTTS IO3UTPOHIB
Ta IMIyJIbCHOTO Iy4Ka MO3HTPOHIB HM3bKOi eHeprii. PisHi piBHi 103 remio (6,24:10"—
3,12-101801\/{2, 0  BIANOBINAIOTH  JIOKAIFHOMY TOMIKOMKEHHIO 10 90 3cyBiB/aTom,
HAKOMUYyBaJIUCh B OOJIACTI TOBIIMHOIO HE MeHII 1 MKM. Y naHiii poGOTI BUKOPHCTOBYBAJIHMChH
gotupu OiHapuux cmiaBu Fe-Cr (2,6; 4,6; 84; 11,6 Bar.% Cr). Otpumani pe3yibTaTH
[IOKa3yl0Th, L0 XPOM Ma€ 3HAUHUI BIUIMB Ha pO3MIp Ta PO3MOJUI CTBOPEHUX AE(EKTiB.
Xapakrep mux AedeKTiB BH3HAYaBCS y BHUIVIAI BENMKHX TOp (>1 HM) 1 Manux BakaHCIHHUX
KJIacTepiB MOPs 3 MOYATKOBUMHU AUCIOKALISMH 1 MaJIMMU TOYKOBUMU Jie(heKTaMH.
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