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Abstract

Fast reactors and spallation neutron sources may use lead bismuth eutectic (LBE) as a coolant. Its thermal physical and neutronic
properties make it a high performance nuclear coolant and spallation target. The main disadvantage of LBE is that it is corrosive to
most steels and container materials. Active control of oxygen in LBE will allow the growth of protective oxides on steels to mitigate
corrosion. To understand corrosion and oxidation of candidate materials in this environment and to establish a solid scientific basis
the surface structure, composition, and properties should be investigated carefully at the smallest scale. Atomic force microscopy
(AFM) is a powerful tool to map out properties and structure on surfaces of virtually any material. This paper is a summary of the results
from AFM measurements on ferritic/martensitic (HT-9) and austenitic (D9) steels that are candidates for liquid metal cooled reactors.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Atomic Force Microscopy is a technique introduced by
Binning and Rohrer in 1986 [1]. AFM uses a microscopic
probe mounted on a low force constant cantilever that is
scanned across a sample surface. Short range atomic forces
like Van der Waals force are used to detect the surface mor-
phology. Since AFM was first introduced a variety of
advanced techniques have been developed, which use spe-
cialized probes. It was found that by using tips with specific
properties, different sample properties could be mapped. In
addition, even though the tip cantilever is designed to exert
nano to pico Newton on the sample surface, it was found
that if the cantilever was oscillated at its resonance fre-
quency while scanning the surface, one could further min-
imize surface damage, particularly when imaging soft
materials. This technique, however, also allowed one to
monitor changes in the resonance frequency due to tip-
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sample repulsive or attractive interactions. One such tech-
nique that evolved is magnetic force microscopy (MFM)
[2,3], which utilizes a polarized magnetic tip in a two pass
method to detect the topography in the first line scan and
the long-range magnetic forces in the second line scan. In
the second scan, magnetic data is collected at a fixed height
above the surface outside the range of Van der Waals
forces. That allows one to simultaneously detect the mag-
netic structure that correlates one-to-one with the sample
surface structure. In this work, AFM/MFM is used to
map different topographic features in combination with
magnetic properties on oxide layers grown in LBE. This
allows insight in the nanoscale structure and the corre-
sponding properties changes which relates to crystallo-
graphic and compositional changes.
2. Measurement

We used AFM and MFM to investigate the oxide layers
grown on D9 stainless steel (13.6% Cr, 13.6% Ni, 2.1% Mn,
1.11% Mo, 0.85% Si, 0.04% C, 0.30% Ti, balance Fe (by
weight)) and HT-9 stainless steel (11.95% Cr, 1% Mo,
0.6% Mn, 0.57% Ni, 0.5% W, 0.4% Si, 0.33% V, 0.2% C,
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balance Fe (by weight)) in LBE at 535 �C for 3000 h in the
IPPE loop in Obninsk, Russia. The oxygen concentration
in the LBE was 10�6 wt% and the flow rate was 2 m/s.
After the samples were exposed to the LBE they were cross
sectioned and polished using colloidal silica on a Buehler
VibrametTM as a last polishing step. This final polishing pro-
vides a very flat and smooth surface required for AFM
measurements. The measurements were carried out using
a Veeco Metrology Nanoscope IIIa controller and D3000
microscope. The AFM/MFM tips used for these measure-
ments were commercial silicon Tapping ModeTM cantilevers
with magnetic CoCr coated tips (Fig. 1). The scan rate was
generally 60.35 Hz for a 40 lm � 40 lm scan area (lower
magnification) and adjusted to a higher frequency for
higher resolution images. The resonance frequencies of
these tips were around 65 kHz.
Laser and 
detector

Tapping mode 
or contact 
mode

Oxide
layers

Steel

AFM tip with cantilever 

Scan area 

Fig. 1. The setup for performing the AFM and MFM measurements on
the oxide layers on steels formed in LBE.

Fig. 2. The AFM (left images (a) and (c)) and the MFM (right images (b) and
present the images located at the outer oxide layer while figure (c) and (d) pre
3. Results

Both materials showed a multi-layer structure as previ-
ously reported in the literature by SEM (scanning electron
microscopy) analyses [4]. AFM/MFM characterization
allows a much more detailed grain and microstructure
analysis than SEM allows. In the topographic image bright
colors are high structures while dark colors are low struc-
tures. Since grains of different orientations polish at slightly
different rates the grains can be visualized. In the magnetic
force image strong contrasts (dark and bright colors) mean
a strong magnetic polarization while weak contrasts mean
a weak magnetic field. MFM can not detect transverse
magnetic fields. Here, MFM is used to visualize magnetic
structural changes as a indicator for compositional or crys-
tallographic changes in the oxide layers and AFM is used
to visualize the micro structure.

Fig. 2 shows the AFM/MFM images from a D9 sam-
ple. It can be seen that there are two outer magnetic lay-
ers, which differ in their grain structure but both show
many large pores. The magnetic structure correlates with
the grain structure and compositional differences. It is
reported in the literature [4,5] that the outer layer is mag-
netite (Fe3O4). We found that the outer layer has a
strong magnetic structure. It has been reported that Cr
rich spinels (FeCr2O4) are antiferromangetic with a
TC = 473 �C and no magnetic moment while Fe rich spi-
nels (Fe3O4) are ferromagnetic with a TN of 860 �C and a
magnetic moment of 3.47 lB and Fe2NiO4 is ferromag-
(d)) results on the oxide layers formed on the D9 steel. Figure (a) and (b)
sent images located at the inner oxide layer.



Fig. 3. The AFM (left images (a) and (c)) and the MFM (right images (b) and (d)) results on the oxide layers formed on the HT-9 steel. Figure (a) and (b)
present the images located at the outer oxide layer while figure (c) and (d) present images located at the inner oxide layer.
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netic with a magnetic moment of 1.5–2.4 lB [6]. Spinels
with a composition changing from FeCr2O4 to Fe3O4

have increasingly strong magnetic properties [7]. It is
assumed that the outer layer is indeed magnetite since
it has the strongest magnetic moment according to the
literature and it was measured as such. In the outer layer
two different grain size areas are found. The outer most
area within the outer layer appears to have smaller grains
(120–400 nm grain size) than the inner area (0.8–3.5 lm).
The inner oxide layer shows similar grain boundaries to
those in the bulk steel. To verify that these boundaries
are indeed the original steel grain boundaries more anal-
ysis will be needed. Its magnetic signal is weaker than the
signal of the outer layer therefore it is assumed it is Ni
and Cr enriched versus the outer layer. There is a thin
(<1 lm) region between the outer and inner layers where
the magnetic structure disappears. The exact correspond-
ing composition of this thin layer is not presently known.
But based on the weak magnetic signal it is assumed that
this thin (1 lm) layer is relatively Cr rich. The outer layer
thickness is 5–20 lm while the inner layer is 5–10 lm
thick.

Fig. 3 are AFM/MFM images of HT-9. A multiple
oxide layer structure similar to what is reported in the lit-
erature [4] was found. The outer layers show a strong mag-
netic structure, which suggests that this is magnetite. The
outer layer shows many large pores and a strong magnetic
response. It can be also seen that the grain structure is very
similar to the grains structure found in D9. In contrast, the
inner layer shows a weaker magnetic response than in D9
which is most likely due to the fact that no Ni is present
in this material. There was no non-magnetic layer detected
between the inner and outer layers. The inner layer has a
very large amount of pores that are connected and seem
to outline grains and a martensitic lath structure. In some
areas pores within the steel close to the inner oxide layer
located at the steel grain boundaries were found as well.
This leads to the assumption that the pores in the inner
oxide layer are the former steel grains. More detailed
AFM/MFM and TEM measurements and analysis are
needed to reveal more details and to confirm this interpre-
tation. The outer layer thickness is 6–8 lm while the inner
layer is 10–12 lm thick.

4. Conclusion and summary

� It is possible to detect the multi layer oxide structure on
HT-9 and D9 stainless steel due to oxidation in LBE
using the AFM and MFM techniques. AFM/MFM
techniques can be used to measure large areas of interest
and their relative property changes (magnetic proper-
ties) which indicate local changes in composition and
structure.
� The outer layer on both materials (HT-9 and D9) is

highly magnetic consistent with a magnetite composi-
tion as previously reported in the literature.
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� The inner layer has a weaker magnetic response than the
outer layer, and it appears that large amount of defects
(pores and particle) develop at the grain boundaries in
the steel.
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