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Oxide dispersed strengthened (ODS) ferritic-martensitic steels are investigated as possible structural material for
the future generation of High Temperature Gas Cooled Nuclear Reactors. The Ni based austenitic ODS superalloys
are not considered, because of the Ni presence, which is unfavorable under neutron irradiation. ODS-steels are
considered to replace other high temperature materials for tubing or structural parts. Interestingly, ODS is also
considered as material being used in future fusion applications. The oxide particles serve for interfacial pinning of
moving dislocations. Therefore the creep resistance is improved. In case of the usage of these materials in reactor,
the behavior under irradiation must be further clarified. In this paper the effects induced by He implantation are
investigated. The induced swelling is measured and the mechanical behavior of the irradiated surface is investigated.
These first tests are performed at room temperature, where a clear swelling and hardening could be observed.

1. INTRODUCTION
1.1. THE HIGH TEMPERATURE PROJECT

The temperature of current light water reactors
(LWR) does not exceed 350 °C. Energy conversion is
done by steam generation and steam turbines. Materials
for these applications exist. Research focuses mainly on
safety and life assessment under fuel high burnup
conditions and reactor ageing. In contrast to the LWRs,
concepts for future (generation IV) nuclear fission
plants focus on much higher temperatures necessary to
increase the thermal cycle efficiency and to include
process heat applications (e.g. hydrogen production).
Fast neutron spectra are also considered. Concepts for
nuclear plants are studied world wide within the
framework of the Generation IV international forum
(GIF), of which Switzerland is also full member.

1.2. PM2000 AS POTENTIAL MATERIAL

The role of ODS-materials for fusion applications
was reviewed by Ukai and Fujiwara [2] and also by
Hoelzer [3]. Both conclude that ODS materials are
interesting for future nuclear applications. It is worth
mentioning that ODS materials have not been
considered for HTRs so far. They have, however,
proven their capabilities with respect to high
temperature gas cooled reactor applications in the
meanwhile and they should be considered as serious
candidates for future nuclear high temperature
applications according to the opinion of the members of
the GIF VHTR and GFR Steering Committees and
researchers from FZ Jiilich [4]and Petten [5].

PM2000 is an oxide dispersion strengthened (ODS)
alloy of the composition 20 wt% Cr, 5.5 wt% Al,
0.5 wt% Ti, 0.5 wt% Y,0s3, balance Fe, manufactured
by mechanically alloying in a high energy mill to
produce a solid solution which contains a uniform

dispersion of yttria. The powder is consolidated using
hot isostatic pressing followed by a hot and cold rolling
procedure. Then a thermal treatment finalizes the
production [6,7].The alloy is supplied by Plansee
GmbH.

2. EXPERIMENTAL
2.1. SAMPLE PREPARATION

PM2000 ODS samples are cut and polished in the
following way. Several samples of the dimension 6 x 6
x 1 mm are cut in a long transverse direction. One
surface is then ground with SiC papers down to a P-
Grading of 4000. A polishing with a 6 and 3 pm
diamond suspension is performed, and the polishing is
then finalized with OPS for 2’.

2.2. IRRADIATION

The samples described in Section 2.1. are irradiated
with a *He™" beam at the Swiss Federal Institute of
Technology in Ziirich, using a Tandem Accelerator. The
main difference from a thermal neutron irradiation is the
high He to dpa ratio, however, for this preliminary study
this fact was accepted and the data gained from this
experiment also represents an extreme situation, which
might be faced in a fast spectrum. For further
information about the simulation of n irradiation by
charged particles, see [7]. An even distribution is
desirable; therefore the irradiation is performed under 4
different incident angles (ranging from 0° to 66°) and an
energy of 1.5 MeV. The damage as a function of depth
is then already quite even, being about 0.7 to 1.3 dpa
from 1 to 2.5 pm. Figure 1,a) shows a TRIM simulation
of the induced damage profile. TRIM tends to
underestimate the width of the implantation-profile and
the peaks appear sharper than in reality.
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The irradiated fluences are 1.4-10'°, 2.8:10'C,
5.6:10'" and 1.12:10'" cm™. The irradiation is performed
through a Mesh 400 TEM grid covering the sample (see
Fig. 1,b), the bar periodicity is 63.5 um with a bar width
of 30 um.
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Therefore a bar pattern occurs on the sample. This
bar pattern is used to investigate the sample by AFM
and derive the swelling behavior. The influence of
irradiation is studied consequently with a nanoindenter.

Fig. 1. a — TIRM simulation of the He implantation using 4 angles (0°, 37°, 53° and 66°) with a total He fluence of
5.6:10" cm™ and an energy of 1.5 MeV. The single fluences for each angle (a) are: cos(a)-2.0-10"° cm™; b— ODS
sample with Ni parallel bars (400 lines/inch)

2.3. AFM INVESTIGATIONS

The samples are investigated by atomic force
microscopy, using an apparatus from Digital
Instruments “Dimension 3100”. The maximum scan
region with the used AFM head is 124 x 124 pm with a
maximum scanning depth of 6.6 pm. The depth
resolution is mainly limited by noise. The scanning is
performed in tapping mode, in order to reach higher
precision and to avoid friction related artifacts of the
irradiated surface. The sample preparation for the
PM2000 is rather difficult, because the dispersed yttria
nano-particles are pulled out during ceramographic
preparation and scratch the surface. Therefore the AFM
sometimes shows some artifacts on the scan. These
peaks are removed with a computer program, and the
resulting AFM images are well analyzable. In all cases
the swelling is large enough to be well distinguishable
from any noise and the remaining artifacts on the scan.
An example of such an analysis is shown in Fig. 4,a.
The x-direction of the scans is then averaged and a third
order fit of two constantly separated curves is performed
through the original and the swelled region (see Fig.
4.b).

2.4. NANO-INDENTATION

In order to test the mechanical behavior a nano-
indenter from CSM Instruments SA in Neuchatel
(Switzerland) is applied, the maximum load of the
apparatus being 500 mN with a load resolution of 0.04
pN and a maximum depth of 20 pm with a resolution of
0.04 nm. Two measurements series are performed using
a Berkovich tip (a tetrahedron that comes to a sharp
point). In both cases the indent depth is fixed. In the
first series it is set to 500 nm, and in the second one to
1 pm. The targeted indent positions are localized with
an optical microscope being connected to the indenter.
The positioning is performed with a precision of about 1
um. Two series of indents are performed on a sample
irradiated with the dose and damage profile described in
Fig. 1. In each series the indents are positioned such,

that both, non irradiated and irradiated parts of the
sample are tested. Figure 2 shows the first indentation
series, where the two first indents are placed in the non-
irradiated part, the following three in the irradiated part
and the last one in a non-irradiated section on the other
side of the irradiated stripe.

Fig. 2. First indent series with 500 nm penetration
depth. The lighter surface displays the non irradiated
part and the darker one the irradiated part
of the sample

The reproducibility of the results is very good, as
illustrated in Fig. 3. All load/penetration curves comply
with each other in both, the irradiated and the non-
irradiated area respectively.

35 1 —— indent on non-irradiated surface =

30 4] - indent on irradiated surface e
25 1

—_ N
wn O
I L

Force [mN]

10 ~

0 100 200 300 400 500
Penetration [nm]

123



Fig. 3. Force to penetration depth characteristic of the
500 nm indents performed on the irradiated and the
non-irradiated surfaces

3. RESULTS
3.1. SWELLING BEHAVIOR

The AFM shows the swelling pattern of the
irradiated ODS bars. Figure 4,a shows a sample
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irradiated with He ions under the conditions described
in Fig. 1,a. Figure 4,b is a third order fit through both,
the irradiated and the non-irradiated parts of the profile.
The swelling is deduced from the distance of the two
fitted curves.
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Fig. 4. Surface of the ODS sample, investigated by AFM, original data after peak removal on the left side and the
averaged profile on the right (a). Third order fitting through the averaged profile (b). Separate curves are derived
for the irradiated and the non-irradiated locations on the profile, a step height of 24.1£2.8 nm is found
for this example

Four different irradiation doses are applied (see 2.2).
For each of the irradiated samples, the swelling is
determined by AFM, resulting in a displacement

dependency as a function of fluence. The displacements
are shown in Fig. 5,a and they are represented as strain
data in Fig. 5,b.
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Fig. 5. Swelling data as measured. The calculated data is based on the corrected strain trend line in (b) and the
implanted profile with the strain profile in Fig. 6 (a). Strain data as function of the averaged displacements of the
depth region from 0.5 to 2.5 um with the corresponding trend line (b). The corrected trend line is based on the
strain profile shown in Fig. 6 and shows the strain as a function of the exact (non-averaged) dpa value

The strain data are used to determine a bi-linear
trend line. Because of the small amount of data points
and for simplicity, this form of the trend line is chosen
rather than a more sophisticated function. The x-axis for
strain data and the trend line represents the average
displacement in the depth from 0.5 to 2.5 um. Because
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of the non-linearity of strain as a function of
displacements and because of the displacement damage
not being constant in the relevant depth region, the data
points can not be assigned to the precise displacement
value, but only to the average value for the actual
displacement distribution. This distribution is depicted



in Fig. 6,a (solid thin line), the profile is directly
obtained by overlying TRIM simulations for each
incident angle.

TRIM tends to underestimate the profile width for
the single simulations; therefore the initial profile is
fitted with a polynomial of seventh degree. This
polynomial is also presented in Fig. 6,a (doted line) and
is used for further calculations. Fig. 6,a also shows the
strain profile, which is calculated, using the corrected
strain as a function of displacements shown in 5,b and
the displacement polynomial. The corrected strain to
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displacement function is found on an iterative way, by
introducing correction factors to the parameters of the
trend line in Fig 5,b. By calculating the swelling of the
known displacement distribution with the corrected
strain to displacement function (integration), a direct
comparison with the measured data can be performed
(see Fig 5,a. Subsequently the parameters of the
corrected trend line can be adjusted to reach a good
matching of the experimental data points and the
calculated ones.
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Fig. 6. Displacement profile for a fluence of 5.6:10'° cm™ calculated with TRIM and an averaged profile used for
calculations (a). With the averaged profile and the corrected trend line of relative strain (see Fig. 5,b), the strain
profile is calculated. All strain profiles for the different implantation fluence (1.4-10", 2.8-10"°, 5.6:10"° and
1.12:10"¢m™). Because of the non linearity of the strain to displacement function, the shape varies with the total

fluence (b)

MECHANICAL PROPERTIES

In this paper the hardness is investigated using a
nanoindenter, see Section 2.4. Results are presented for
the non-irradiated and the irradiated surface of the
sample. Figure 8 contains the results for both
indentation series, the one with an indentation depth of
500 nm and the one with 1000 nm. For both series a
consistent increase of the irradiation induced increase in
hardness, can be observed. For the 1000 nm indent
series, two indents are placed on the border line between
the irradiated and the non-irradiated surface, accounting
for mixed regions. Figure 7 shows such an indent,
where about 40% of the indent is performed on an
irradiated surface. The axis of abscissae in Fig. 8 does
therefore not only contain the distinctive cases of non-

irradiated and irradiated, but represents the percentage
of the indent accounting for an irradiated region.

The intermediate data points properly fit between the
distinctive cases. The hardness is compared to values
reported in [8], in this thesis the hardness is measured
by a Vickers indenter with a mass of 30 kg and a 2/3"
objective. For untreated ODS samples a Vickers
hardness of 326+6 HV30 is reported. Transforming this
into Si units results in a hardness of 3197+59 MPa
which agrees well with the result of 3207 MPa found for
the 1000 nm indents on the non-irradiated surface (see
Fig. 8).

Fig 7. Optical (a) and SEM (b) picture of a 1 um indent at the border between the irradiated and the non irradiated
surface of the sample 125



In Fig. 8 the hardness decreases with increasing the
indentation depth. The depth-dependent hardness has
been observed in various materials such as metals,
diamond-like carbon, polymers, ceramics, etc before.
The depth-dependent hardness has been explained by
the theory of strain-gradient plasticity and the surface

effect [9].
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Fig. 8. Hardness as a function of the irradiated surface
to non-irradiated surface fraction of the indentation
region

4. DISCUSSION

The increased hardness of the irradiated surfaces
well agrees with results for ferritic steels found in
literature. In [10], low activation ferritic steel is
investigated by micro-indentation technique in order to
find the ion induced hardening. At an irradiation
temperature of 673 K, irradiation-produced dislocation
loops are observed by TEM, the number and density of
these loops is clearly increased and their mean size is
decreased with increasing He concentration. The
irradiation induced micro hardness changes were no
more than 10 at.%673 K. In this paper the irradiation
induced hardness changes at room temperature are 29%
for the 1000 nm indents and 26% for the 500 nm
indents. This difference might be attributed to a
superimposed effect of the compressive residual stresses
in the samples being investigated in this work.
However, the differences might only come from the
different radiation conditions.

In the present study only the transverse grain
direction is studied. As the material is anisotropic, the
other grain orientations will also be investigated. In [8]
the hardness was distinguished for the longitudinal and
the perpendicular extrusion direction. Differences were
mainly found for thermally treated samples, where the
hardness generally decreased by up to 23% and the
transversal extrusion direction was 10% harder than the
longitudinal one. For the untreated samples the hardness
was almost isotropic.

5. CONCLUSIONS

At room temperature and displacement dose ranges
around 0.7 dpa, PM2000 already shows a major increase
of its hardness by 30% and also a strain of around 1%.
Annealing effects at higher temperatures will potentially
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decrease the hardening and swelling effects. Future
experimental series will address this question. A first
hint for a temperature decreased hardness can be found
in [8,10], where the thermal treatment significantly
decreased the hardness, and the irradiation induced
hardening effect was reduced at higher temperatures.

The present work demonstrates that the nano/micro
scale approach to characterize the material is valid. In
case of the hardness a good agreement with literature
data exists, and the swelling induced displacements are
also within expectations.
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Oy CTAJIU KAK KOHCTPYKIITUOHHBIE MATEPUAJIBI JJI51
BBICOKOTEMIIEPATYPHBIX SI/IEPHBIX PEAKTOPOB

M.A. lywon, M. /Troéenu, P. Illenoope, K. Illen, B. Xépenwvnep, C. [ezenvop

OxucHo aucneprupoBanHbie ynpounenHbie (OY) deppuTHO-MapTEeHCUTHBIE CTaIM HW3YYaluCh KakK BO3MOXKHBIE
KOHCTPYKLIMOHHBIC MATEPHAIIbI 1JIsi HOBOTO IIOKOJICHHSI BBICOKOTEMIEPATYPHBIX SACPHBIX PEAKTOPOB C Ta30BbIM OXJIAXKICHHUEM.
Aycrenutasie OJ[Y-cynepciiiaBsl Ha 6a3e HUKeNs HE pacCMaTPUBAIINCH W3-3a IPUCYTCTBHS HUKEIS, KOTOPBIH HEXeIaTeNeH pu
HEeHTpOoHHOM o00ny4yeHunn. OJ[Y-cranM paccMaTpUBAINCh Kak BO3MOXKHBIC 3aMEHHTEIH JPYTMX BBICOKOTEMIIEPATYpPHBIX
MaTepHaoB U U3TOTOBJICHUS TPyOOIPOBOJOB MM APYTUX KOMIO3MIHOHHEIX y3710B. MHTepecHo, uro OJY paccmarpuBaeTcs
TaK JKe, KaK BO3MOXKHBIM KaHIWIAT JUIS HCIONB30BaHHMS B TEPMOSIEPHBIX yCTpoicTBaX. OKHCHBIE YaCTHIBI CIIyXaT Kak
Mex]asHble JIOBYIIKU U 3aKPEIUICHUsI BIDKYIIUXCS OUCIOKaui. [109ToMy CONpOTHBICHUE MON3YyUYEeCTH yBelIHunBaercs. B
Cllydae MCIIOJIb30BAHMS THX MaTEPHAJIOB B PEAKTOPE UX IOBE/ICHHE MO/ OOIyuCHHEM JIOJKHO U3ydaTbes Oojee TIaTenbHo. B
npeanaraeMoil pabore uccnenyrorcs 3¢gdextsl, o0yciaoBieHHble BHenpeHrueM He. M3mepsiercst o0ycloBIeHHOE paclyXaHue U
MEXaHUYECKHE XapaKTePUCTHKH OOJIyYEHHOW IOBEPXHOCTH. OTH IIEPBbIC HCIBITAaHUS ObUIM BBIIOJHEHBl NMPH KOMHATHOM
TeMIIepaType, KOraa MOKHO SIBHO HAaOMI0aTh PAaCIlyXaHHe U YIIPOYHCHHE.

0O/13 CTAJII IK MOXKJUBI KOHCTPYKIIAHI MATEPIAJIM JJI51
BUCOKOTEMIIEPATYPHUX SAJEPHUX PEAKTOPIB

M.A. Ilywion, M. /T1oéeni, P. Illenoope, K. llen, ®@. Xoghenwvnep, C. ezensop

OxwucHo aucnieprosani 3mirHeHi (O/13) dhepuTHO-MapTEHCHTHI CTaNI JOCTIIKYIOTHCS SIK MOXKIIMBI KOHCTPYKIIHHI MaTepiain
JUISL HOBOTO IOKOJIHHS BHCOKOTEMIEPATYPHUX SJIEPHUX PEAKTOPiB 3 Ta30BUM OXOJOKeHHSIM. AycreHitHi OJ/[3-crulaBu Ha
OCHOBI HHKEII0 HE BHBYAIOTHCS 3aBASKH HHKEIIO, MPUCYTHICTH SKOTO MiJI Ji€l0 ompoMiHeHHS Hebaxkana. OJI3-craii
Pa3rIAAOTHCS SIK MOXJIMBI KaHJUIATH Ha 3aMiHy IHIINX BUCOKOTEMIIEPAaTypHUX MaTepialliB Juisl BUTOTOBICHHS TpyOONpOBOIiB
abo iHmmMX KOHCTpyKuifiHmx By3miB. LlikaBo, mo OJI3-marepiamu po3MIAAAOTHCS TaKOX 3 TOYKH 30py iX MOXKIMBOIO
BUKOPHCTAHHS JUIS MaiOyTHBOTO 3aCTOCYBAaHHS B TEPMOSIEPHUX NPHCTPOsiX. OKUCHI YaCTKM CIIy’KaTh SIK MDK(a3Hi MacTKu Juis
3aKpIIUICHHS AUCIIOKAIH, 0 PYXaloThCs. Y pa3i BUKOPHCTAHHS IIX MaTepUalliB B PEaKTOpPi IX MOBEAiHKA MiJl ONMPOMiIHEHHIM
MMOBHHHA BUBYATHCH OUIBII peTenpHO. B poboTi mochimkyioThes egekTH, 3yMoBJeHiI NpoHUKHeHHsAM He. Bumiproerscs
3yMOBJICHE PO3IyXaHHS Ta MEXaHIUHI XapaKTepUCTUKH OIpoMiHeHOI moBepxHi. Lli mepmi nocimimpkeHHst OynM BHKOHAHI IPH
KIMHATHIH TeMIlepaTypi, KOJIU MOXHO YiTKO CIIOCTEPIraTH pPO3ITyXaHHS Ta 3Mil[HEHHSI.
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