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Positron and nanoindentation study of
helium implanted high chromium ODS steels
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Three oxide dispersion strengthened (ODS) steels with different chromium content (MA 956, MA 957 and ODM 751)
were studied as candidate materials for new nuclear reactors in term of their radiation stability. The radiation damage was
experimentally simulated by helium ion implantation with energy of ions up to 500 keV. The study was focused on surface
and sub-surface structural change due to the ion implantation observed by mostly non-destructive techniques: positron
annihilation lifetime spectroscopy and nanoindentation. The applied techniques demonstrated the best radiation stability of
the steel ODM 751. Blistering effect occurred due to high implantation dose (mostly in MA 956) was studied in details.
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1 Introduction

In this paper, the new perspective materials - oxide

dispersion strengthened (ODS) steels with high chromium

content are investigated as possible candidates for con-

struction of fuel cladding and internal components mostly

in reactors with more aggressive chemical environment.

These steels are typical by high strength and thermal

resistance. Due to higher chromium content (between 14-

20 wt% Cr) they have also better corrosion resistance

than well-known ODS steels with 9 wt% of chromium,

ie ODS Eurofer.

The high chromium ODS steels have already been

tested couple times to radiation resistance by many ways

[1-3]. The investigation of complex materials is quite dif-

ficult and sensitive task due to their complicate and in-

homogeneous structure, thus the examination of model

alloys has been mostly preferred round the world [4-6].

Therefore, there is only few papers comparing more com-

mercial ODS steels at the same time in term of their

radiation stability or only couple works with application

of surface nondestructive techniques for their study.

Our work was focused on the irradiation of the com-

mercial ODS steels (MA 956, ODM 751 and MA 957) by

helium ions and study of their microstructural changes in

term of vacancy defects and hardness measurements up to

the depth of 1.5 µm. The main purpose of our work was

to qualify the investigated materials in term of their ra-

diation stability and to consider applicability of the used

techniques.

2 Investigated samples

The investigated samples were prepared from the three
different high chromiumODS steels MA 956, MA 957 and
ODM 751 obtained as commercial products of different
international metal corporations.

Table 1. Chemical composition of investigated ODS steels in wt%

Alloys MA 956 ODM 751 MA 957

(Incoloy) (INCO) (Dour Metal)

C 0.03 0.07 0.03

Mn 0.06 0.07 0.09

Si 0.05 0.06 0.04

Ni 0.11 0.02 0.13

Cr 21.7.2017 16.1.2017 13.7.2017

Mo 0.05 1.7.2017 0.03

Ti 0.33 0.7 0.98

Al 1.5.1977 3.8.2017 0.03

O 0.21 0.21 0.21

Y 0.38 0.38 0.38

The chemical composition of the investigated steels
was tested by optical emission spectroscopy at the Weld-
ing Research Institute in Bratislava and is listed in Table
1.

The steels were prepared by the standard processes of
sintering and mechanical alloying defined by the produc-
ers. The samples were prepared from as-received material
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by cutting the steel sheets into suitable pieces with diam-
eter 10× 10× 0.8 mm3 . In order to remove surface impu-
rities, the sample surfaces were polished after the cutting
almost into a mirror level. The zone affected by cutting
usually goes around 150 µm [7], but subsequent grind-
ing removes the most affected subsurface and the powder
used for polishing of our samples had particles with size
of 0.5 µm. The roughness of the as-received samples sur-
face measured by atomic force microscopy achieved up to
50 nm, thus the influence of the sample preparation is
probably for the subsurface techniques minimal.

3 Experimental treatment and methods

The samples were loaded by radiation damage per-
formed at a linear accelerator belonging to the Institute
of Nuclear and Physical Engineering, Slovak University of
Technology. Helium ions (He2+) with a kinetic energy up
to 500 keV were implanted into the samples. The implan-
tation temperature achieved maximum of 62 ◦C; there-
fore it has no effect on the structure. The implantation
depth was up to 1.2 µm according to SRIM calculation
[8]. The implantation level was ∼ 1018 ions cm−2 and
the maximum radiation damage, calculated from the av-
erage number of vacancies in 1 cm2 of material obtained
by SRIM, was around 45 dpa for the damaged zone.

During the ion implantation, point defects accumulate
into the structure as a result of the atom knocking-on
by the helium nuclei [9]. Therefore accumulation of small
vacancy defects typical for ferritic structure was assumed
in the investigated steel which is commonly leading to an
increase of the hardness.

The samples were investigated by positron annihila-
tion spectroscopy (PALS) sensitive to small vacancy de-
fects and to their changes in size or concentration due
to the radiation strain. The PALS measurements were
done in a fast-fast mode [10] with the FWHM parameter
close to 200 ps. The variance of fit (reduced chi-square)

achieved value in range of < 1; 1.2 > . 22Na in a Kapton
foil with the energy up to 540 keV was used as the PALS
positron source. The PALS can determine defect size and

defect concentration in the investigated samples up to a
depth of 120µm . According to published research of V.
Krsjak [11] approximately 14% of positrons can give in-
formation about the defects in the layers up to 800 nm
and the change of structure due to implantation can be
so visible there. Our implantation depth and irradiation
dose is higher, for that we assumed good applicability of
this technique for our intention.

The measurement of nanoindentation was performed
at Slovak Academy of Sciences by Agilent Nano Indenter
G200 hardness tester at room temperature. The tests
were evaluated by the standard method of Oliver and
Pharr [12]. The Berkovich indenter was used for hardness
measurement (HIT) up to the depth of 2000 nm with
velocity of 30 nm/s. The applied load was approximately
up to 600 mN and 16 depth profiles were measured from
which average values of hardness were calculated.

4 Results and Discussion

After the implantation, the hardness increase (∆HIT )
was quite well visible in the steels MA 957 and ODM 751
(up to 20%), but no changes were observed in MA 956
(Fig. 1). The values of hardness for the MA 957 have big-
ger dispersion (mostly in the non-implanted state) which
can demonstrate bigger structural inhomogeneity than for
the other investigated steels. The achieved hardness val-
ues were almost similar in the surface up to 100 nm (be-
tween 6 and 7 GPa) and from the layers deeper than
1.1 µm (≈ 4 GPa) for all types of steels (implanted and
non-implanted). The change of hardness due to the im-
plantation was distinctive only between 0.1 and 1.1 µm.

The observed hardness is not very different for steels
with different chromium content, although more chro-
mium commonly means more precipitates supporting
hardness and brittleness. This is not found here prob-
ably due to negligible content of carbon or other ele-
ments forming the precipitates. However the differences
in the depth profile are evident. It is important to have
in mind that the profiles can differ in the same steels for
the individual samples, as ODS steels are inhomogeneous
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Fig. 1. Hardness depth profile: light lines – implanted, dark lines – non-implanted
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Fig. 2. PALS results, (a) – LT2 characterizing defect size, (b) – intensity 2 for defect concentration, and (c) – mean lifetime describes
the total defect presence

materials (seen for MA 957). For that reason, it is neces-
sary to perform more measurements for both states the
implanted state as well as the non-implanted one.

The results of hardness demonstrated the best resis-
tance to radiation damage for MA 956. The average value
of its hardness in the whole profile has in principle no in-
crease due to the implantation (about 0.2 ± 1.6), but this
sample have been at the same time affected by blistering
effect [13] removing the first surface layers in some part
of the sample (probably in the area of the hardness mea-
surement too). Consequently the hardness measurement
could be influenced by this effect, and then this steel could
have been actually the most radiation damaged in com-
pare to others, although the results seem to be the best
one. For the closer view, application of further techniques
was needed (application of PALS seemed to be sufficient).
The increase of the average hardness calculated from 16
measurements was: 0.7 ± 0.5 for ODM 751 and 2.5 ±

1.9 for MA 957.

The PALS results (Fig. 2) showed small change of de-
fect size after the implantation (LT2), but defect concen-
tration (Intensity 2) does not strictly growth as was firstly
assumed. The size of defects slightly increased, mostly

for the MA 957 from three-vacancies almost to the five-
vacancies in predominance. Defects in ODM 751 probably

stayed stable five-vacancies before and after the implan-
tation. The MA 956 showed the increase of some defects

from three-vacancies into four-vacancies and after the im-

plantation there is probably mixture of three and four-
vacancies in predominance. The defect presence in the

MA 957 seems to be saturated as values of the LT1 is in
the area of dislocations and mono-vacancies (LT1 com-

monly describes the bulk value ≈ 110 ps). The LT1 of
the MA 956 is characterized as the reduced bulk accord-

ing to the Standard trapping model [14]. The ODM 751
contains probably some shallow traps as its value is only

little over the bulk value. The difference in presence of the
small defects is caused probably by the additional ther-

mal treatment during the process of manufacture, where
the steel MA 956 and ODM 751 were recrystallized after

the production. The steel MA 957 was only partially or
not recrystallized and so it can still contain a lot of small

defects not annealed after the production.

For the steel ODM 751, the defect concentration in-

creased but for other steels decreased, which can be a

sign for defect merging due to the implantation: the
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size slightly increased but the concentration decreased.
It means that diffusion processes in these two steels - MA
956 and MA 957 still works even without increasing a
temperature.

The Mean lifetime (MLT), proportional to total de-
fect presence/volume, demonstrated increase of its val-
ues. Therefore the defects were really accumulated in the
structure, even though the individual lifetimes did not
indicate it clearly. The MLT is calculated as mean value
of all lifetimes weighted by their intensities. This value
is so loaded only by measurement error. The ODM 751
showed small change only 3 ps, but it is also evidence
of some structural changes as the deviation is considered
up to 2 ps. The most significant change was for MA 956
with the growth of 16±2 ps. It is followed by MA 957 with
the increase of 14±2ps. On account of the error bars, this
positron result for MA 956 and MA 957 is similar.

5 Conclusion

The experimental positron annihilation results showed
better resistance to the defect accumulation in the ODM
751 and the bigger sensitivity of MA 957 and MA 956.
The hardness depth profile showed small divergence, but
it is probably caused by the blistering effect - the remov-
ing of surface layers as the most distinctive sign of radia-
tion damage. The onion skin grain structure together with
16 wt% Cr seems to be the best in compare to partially-
recrystallized or fully recrystallized steels with lower (14
wt%) or higher (20 wt%) chromium content. The struc-
ture of the steel ODM 751 seems to be optimal due to
its mechanical, thermal and probably also radiation re-
sistance in comparison to our investigated steels.

Our research proved that these two so-called non-
destructive techniques - positron annihilation spectro-
scopy and nanoindentation can be effectively applied to-
gether for new information and their syntheses and com-
parison, because their results are mostly in agreement
as they observe microstructure influenced mostly by the
same factors (defects and precipitations). On the other
hand, they are also supplementary as they describe the
factors in different ways.

Although, the positron annihilation spectroscopy is
less sensitive to the surface layers up to 1.2 µm where the
radiation influenced zone was, it also found some small
changes in the structure of the investigation steels similar
to the hardness measurements. Though positron annihi-
lation spectroscopy is not fully optimal for investigation
of surface layers, with application of other technique can
be useful and give supplementary information about the
structure. For the deep PALS near surface region stud-
ies the pulsed low energy positron systems (available at
FRM II facility in Garching, Germany) could be used in
future.
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