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Abstract

Ferritic-martensitic Eurofer-97 and oxide dispersion strengthened (ODS) Eurofer steels are potential
candidates for structural applications in advanced nuclear reactors. Influence of scandium, yttrium, and
aluminum addition was studied at 600 °C using 10-6 wt.% oxygen concentration. Microstructure and corrosion
behaviour was evaluated after 500 h and 1000 h of exposure to liquid lead. Microscopical investigation
identified oxidation, solution-based attack, and Pb penetration into the material. Addition of scandium and
aluminum changed the mechanism of corrosion attack. Eurofer-97 was partially protected by outer oxide and
inner oxidation and Pb penetration was found. In contrast ODS-Eurofer steels after 1000 h of exposure showed
mainly inner oxidation and SBA including Pb penetration into the steel. The inner oxidation consisted of Pb+Cr-
O and Cr-O+AIl-O layers mixture. Degradation of ODS steel was significantly lower than Eurofer-97. It seems
that the inner oxidation layer beneath the surface did not prevent the Pb penetration but protected the surface
from dissolution.
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1. INTRODUCTION

Ferritic/martensitic steels are promising structural candidates for the future fusion and fission applications.
Performance of these structural materials in liquid lead is one of the main problems [1-9]. The applicability of
reduced activation ferritic-martensitic steel such as Eurofer is limited by the temperature. It was found that FM
steels have high corrosion rates at operating temperatures above 550 °C [2,3,8,9]. So, it is necessary
to improve the properties of the FM steels. Oxide dispersion strengthened (ODS) steels are foreseen
as structural materials with operating temperature up to 700 °C. Incorporation of Y-oxide nanoparticles to the
microstructure decreases the loss of the carbide strengthening effect at high temperatures. As compared
to conventional FM/RAFM steels, the 9-14Cr ODS steels are more resistant to corrosion in heavy liquid metals
(Pb/PbBi) with a higher oxygen content (=10~7 wt.% O) owing to the formation of protective oxide scales. This
is explained by their finer-grained microstructure with high intrinsic local stress and strain resulting from their
manufacturing route, which strongly affect diffusion processes [10]. On the other hand, in the liquid Pb without
oxygen (107" wt.% O), the fine-grained structure promotes intergranular corrosion attack and inward lead
penetration [10].

Higher operating temperature means worse corrosion damage. Corrosion aggressiveness of liquid metals to
the steels increase significantly with increase of temperature. Therefore, the compatibility of ODS steels with
lead melts at high temperatures need to be verified. The incorporation of 1 wt.% of Al into the alloy matrix was
carried out to promote a formation of fine strengthening phases as well as to improve the corrosion properties
in liquid metals.
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2. EXPERIMENTAL

Conventional Eurofer-97 steel and two ODS Eurofer variants were used for the experiment. Chemical
composition of steels can be seen in Table 1. The Eurofer-97 steel was produced by melting and rolling to a
thickness of 25 mm (Bohler-Uddeholm, heat nr. 993402). After the rolling, a hormalization heat-treatment at
980 °C for 30 min and cooling in air followed by tempering at 760 °C for 90 min and cooling in air were carried
out by the manufacturer. The ODS Eurofer steels strengthened by Sc-Y and Al-Sc-Y oxides were prepared by
a mechanical alloying process from the feedstock powders according to [11]. For that, a 100 g blend of powders
was mechanically alloyed using a planetary ball mill (Pul- verisette P-6, Fritsch). The milling was carried out in
a hardened steel vial with 25.4-mm steel balls for 24 h under vacuum. The ball-to-powder ratio was 15:1 and
the revolutions of the main disc were set to 350 rpm. Cylindrical-shape pellets with dimensions of 230 x 6 mm
were prepared from the alloyed powder using spark plasma technique (SPS, SPS HP D10-SD, FCT Systeme
GmbH, Germany) at a sintering temperature of 1150 °C, dwell time of 5 min, pressure of 50 MPa, and
heating/cooling rates of 100 °C/min. A twostep heat treatment was applied to the sintered pellets, consisting
of a primary annealing at 1100 °C for 30 min and cooling in the air to room temperature and secondary heating
to 750 °C for 2 h and cooling in air.

Table 1 Chemical composition of Eurofer-97 and ODS-Eurofer steels in wt. %

Element Fe Cr Mn w V (wt%) Ta Y (Wt%) Sc Al
(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
Eurofer-97 Bal 9.0 0.55 1.0 0.2 0.14 - - -
Sc-Y-ODS Bal 8.9 0.72 0.9 0.2 0.13 0.16 0.28 -
Al-Sc-Y-ODS Bal 9.2 0.55 0.8 0.2 0.13 0.1 0.2 1.0

An instrumented static tank was used for exposure experiments. The facility consists of a 4.5 | stainless-steel
test chamber with inner alumina crucible which prevents the direct contact of the steel walls with the Pb during
the test. A reducing Ar+H2 (6 %) gas mixture was used as a cover gas. Oxygen sensors based on the Bi/Bi2O3
ref. electrode were used. Active oxygen control, i.e., maintaining the oxygen concentration in the Pb at the
targeted level, was ensured by means of automatic mixing of cover gases (Ar+Hz (6 %) with Ar+O2 (10 %))
based on the oxygen sensor
signal. Heating elements
reeled onto the chamber outer
surface allow controlling the
test temperature, while the
thermal insulation of the whole
setup minimizes potential heat
losses and high temperature
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Figure 1. A ball valve
separates the airlock and the
test chamber. In the airlock, “'\ Stainless steel chamber
several specimens either fixed Oxygen sensor — | [l
in or hung to a movable
ceramic holder are kept in an
inert gas atmosphere both
before and after their Pb +—— Alumina crucible
immersion into the liquid metal
to avoid oxidation during
heating up and cooling down. Figure 1 Scheme of experimental setup

——— Specimens in holder
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3. RESULTS AND DISCUSSION

The corrosion mechanism of the Eurofer-97 can be defined as a combination of outer and inner oxidation, and
a solution-based attack by liquid Pb. The outer oxide covered 55% of surface, which improved the resistance
to the inner oxidation. The inner oxidation and solution-based attack were found particularly on the surfaces
with no outer oxide (see Figure 2).

outer oxide layer

Figure 2 Cross-section of Eurofer-97 after 1000h exposure

Post-test SEM observation of Sc-Y-ODS-Eurofer steel revealed oxidation. Outer oxide layer covered 77 % of
the surface with an average thickness of 0.7 ym. The inner oxidation was found on 66 % of the surface.
Incorporation of Sc and Y oxides into the matrix increased the ability of Cr to form the oxide layer near the
surface. This oxide layer is supposed to protect the surface against dissolution. Cross-section of Sc-Y-ODS-
Eurofer after 1000h exposure can be seen in Figure3.

outer oxide layer

Fe-Cr spinel

Figure 3 Cross-section of Sc-Y-ODS-Eurofer after 1000h exposure

SEM observation of the Al-Sc-Y-ODS-Eurofer after the liquid Pb exposure revealed oxidation and SBA
including Pb penetration into the material. It was found that the 1 x 10-6 wt.% oxygen in the Pb is insufficient
to form a compact continuous layer of protective oxide. Instead, outer oxide nodules with an average thickness
of 1.1 ym were visible along approximately 40 % of the surface. The inner layer was an inhomogeneous Pb+Cr
oxide layer as identified by EDS cross-section analysis. The analysis further confirmed Cr and Al diffusion to
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the surface and formation of chromium and aluminum oxides layer visible near the surface (see Figure 4).
Based on material loss measurements, it can be said that the chromium and aluminum oxides layer decreased
the dissolution of the steel.

/ outer oxide nodules
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Pb+Cr-O

Cr-O + Al-O
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Figure 4 Cross-section of Al-Sc-Y-ODS-Eurofer after 1000h exposure

Comparison of total material loss of Eurofer-97 and ODS variants can be seen in Figure 5. The material loss
was determined from the specimens’ thickness measurement before and after the exposure and from the
cross-sections” corrosion depth statistical evaluation. It was found that after the 500h exposure, 63.8 ym of
the Eurofer-97 thickness was dissolved, while, after the 1000 h, this value grew up to 97.8 um. Combined with
the average corrosion depth of 4.1 ym, the Eurofer-97 total material loss reached 101.9 ym after 1000 h,
corresponding to a rate of 893 um/year. Significant decrease of metal loss values was measured for the Sc-
Y-ODS-Eurofer. It was found that after the 500h exposure, 23.4 uym of the Sc-Y-ODS-Eurofer thickness was
dissolved, and after the 1000 h, this value grew up to 35.4 ym. Combined with the average corrosion depth of
4.4 ym, the Sc-Y-ODS-Eurofer total material loss reached 39.8 uym after 1000 h, corresponding to a rate of
349 um/year. The incorporation of Al into the matrix ensured a further decrease of material’s loss. After the
500h exposure, 10.4 um of the Al-Sc-Y-ODS-Eurofer thickness was dissolved, and after the 1000 h, this value
grew up to 19.8 ym. Combined with the average corrosion depth of 9.2 ym, the Al-Sc-Y-ODS-Eurofer total
material loss reached 29.0 ym after 1000 h, corresponding to a rate of 255 ym/year.
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Figure 5 Statistical evaluation of total material loss
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4, CONCLUSIONS

In this study the effect of mechanical alloying on Eurofer steel’s corrosion resistance was evaluated. Oxide
dispersion strengthened steels were exposed to Pb environment at 600 °C with 1x10-¢ wt.% of oxygen and
after 500 h and 1000 h of exposure, it can be concluded that:

. Sc-Y-ODS-Eurofer had 2.5 times lower material loss than Eurofer-97

. Al, Sc, and Y oxides addition decreased corrosion rate more than 3 times

Mechanical alloying improved the corrosion resistance of the Eurofer steel. Incorporation of higher Al content
could ensure the formation of a uniform layer with better protective character.
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