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a b s t r a c t

The corrosion of fuel cladding and structural materials by lead and lead-bismuth eutectic in the liquid
state at elevated temperatures is an issue that must be considered when designing advanced nuclear
systems and high-power spallation neutron targets. In this work, lead corrosion studies of molybde-
num were performed to investigate the interaction layer as a function of temperature by X-ray absorp-
tion spectroscopy. In situ X-ray absorption measurements on a Mo substrate with a 3–6 lm layer of Pb
deposited by thermal evaporation were performed at temperatures up to 900 �C and at a 15� angle to
the incident X-rays. The changes in the local atomic structure of the corrosion layer are visible in the
difference extended X-ray absorption fine structure and the linear combination fitting of the X-ray
absorption near-edge structure to as-deposited molybdenum sample and molybdenum oxide (MoO2

and MoO3) standards. The data are consistent with the appearance of MoO3 in an intermediate tem-
perature range (650–800 �C) and the more stable MoO2 phase dominating at high and low
temperatures.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Lead and lead-bismuth eutectic (Pb/LBE) have emerged as pri-
mary candidates for application in advanced nuclear reactors and
transmutation systems as coolants and high-power spallation neu-
tron targets [1–5]. Pb/LBE has a low melting temperature, high
boiling temperature and it is chemically inert. However, Pb/LBE
is very corrosive to many structural materials, if they are exposed
to Pb/LBE directly at medium to high temperatures. This has lim-
ited the useful operating range of most Pb/LBE eutectic systems
to temperatures around 550–600 �C.

Studies of the corrosion reactions in the Pb/LBE system are
important in developing mitigation techniques, corrosion tolerant
materials, and coatings. It is known that the formation of a protec-
tive oxide layer on the metal surface using controlled amounts of
oxygen can protect against dissolution attack by liquid lead-alloys
[1]. Liquid metal corrosion of steels has been shown [6–13] to be
dependent upon many different parameters including the type of
steels, thermal conditioning, the surface treatment of steel, oxygen
concentration, application temperature, flow velocity, etc. Fazio
et al. [14] and Ilincev et al. [15] reported on the corrosion of steel
and refractory metals (W, Mo) by oxygen-controlled flowing LBE.
Mo and W, both refractory metals, have the lowest solubility in
ll rights reserved.

: +1 312 567 3494.
LBE and exhibit better corrosion resistance than steels. Since corro-
sion occurs at the surface, corrosion resistance has been increased
by alloying Al, Si, or Zr into the steel surface or by maintaining pro-
tective films formed by carefully controlling the dissolved oxygen
concentration in the molten Pb/LBE [16–22]. However, definite
and quantitative methods for preventing corrosion cannot be pre-
sented because experimental results are either scarce or when
available are under varying conditions.

In this paper, we report the characterization of the local atomic
and electronic structures of the corrosion products with molybde-
num by X-ray absorption spectroscopy (XAS). XAS is the modula-
tion of the X-ray absorption probability of an atom due to the
chemical and physical state of the atom. The XAS is typically di-
vided into two regimes: X-ray absorption near-edge spectroscopy
(XANES) and extended X-ray absorption fine-structure spectros-
copy (EXAFS). XANES provides qualitative information about for-
mal oxidation state and coordination chemistry of the absorbing
atom, while EXAFS allows the determination of the distances, coor-
dination number, and types of near neighbor atoms. XAS has rarely
been used to study the properties of Pb corrosion tolerant materi-
als and coatings in the past. However, we show that it is possible to
determine the structural changes at the Pb–Mo interface after high
temperature treatment. Such an atomistic understanding of the
corrosion process can be extended to other systems and will assist
in improving the development of corrosion resistant materials and
coatings.
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2. Experimental

2.1. Sample preparation

These in situ experiments were carried out in a specially de-
signed tube furnace insert (Fig. 1(a)) with three Kapton windows,
permitting the introduction of X-rays along the tube axis and the
measurement of fluorescence at 90�. The in situ sample was made
from a molybdenum rod (99.95% metals basis) machined to pres-
ent a 15� angle to the incident X-rays (Fig. 1(b)) and coated with
a �3–6 lm layer of Pb (99.999% metals basis) by thermal evapora-
tion. The thickness of the Pb layer was estimated by knowing the
total mass of Pb evaporated and using the equation d = m�cos(h)/
4pqr2, where d is the thickness, m is the total Pb mass, q is the den-
sity of Pb, r is the distance between the evaporation source and the
substrate, and h is the longitude (azimuthal angle). h was zero since
the source was positioned directly below the substrate. Fig. 2
shows the insert inside the furnace in the Materials Research Col-
laborative Access Team (MR CAT) experimental station. The same
sample was heated sequentially to 400, 500, 700, 750, 800, 850,
and 900 �C under flowing Ar. The temperature was measured with
a thermocouple probe located adjacent to the insert within the
tube furnace. An XT16 series temperature controller (ATHENA Con-
trols, ±1% accuracy) was used to control the sample temperature.
Samples were held at final temperature for 30 min after which
power was disconnected and the furnace was allowed to cool to
room temperature for the XAS measurements.

2.2. XAS measurement

Measurements of fluorescence and XAS spectra were performed
at the MRCAT, Sector 10-beamline at the Advanced Photon Source,
Argonne National Laboratory. A cryo-cooled Si (111) monochro-
mator was used to select the X-ray energies for our measurements.
A rhodium-coated mirror was used to reject the higher harmonics
from the monochromator. The absorption from the Mo K-edge
(20.0004 keV) was measured. The energies of the X-rays were cal-
ibrated using a Mo foil as a standard. The XAS measurements were
performed in fluorescence geometry with a 19-element Ge detec-
tor perpendicular to the incident beam. Under these conditions,
we estimate that the incident X-rays are probing approximately
1–3 lm below the Pb/Mo interface. Enhanced surface sensitivity
was obtained by making measurements with the excitation beam
at a grazing angle (15�) of incidence. At 15�, there remains a signif-
icant spectral contribution from bulk molybdenum.

3. Results and discussion

Fig. 3 shows Pb La fluorescence spectra taken from an in situ
Mo/Pb sample at different temperatures. The in situ Pb fluores-
Fig. 1. High temperature furnace insert (a) and molybd
cence measurements on the Mo/Pb sample indicate that the Pb re-
mains on the surface at all temperatures. The integrated intensity
of the Pb fluorescence peak shows only a small reduction as a func-
tion of processing temperature.

3.1. EXAFS analysis

XAS analysis was performed using the IFEFFIT interactive soft-
ware package (with ATHENA and ARTEMIS graphical interfaces)
[23]. The Mo K-edge data were processed using ATHENA for back-
ground subtraction by fitting linear polynomials to the pre-edge
and the post-edge region of an absorption spectrum, respectively.
The v(E) data were converted into k-space (E0 was taken at
20 keV for the sample), k-weighted, and Fourier transformed be-
tween k = 2–11 Å�1 using a Hanning window, into R-space. Due
to reduced amplitude because of the self-absorption in the thick
molybdenum metal substrate, self-absorption corrections have
been applied to the data using the Booth and Bridges algorithm
[24] in ATHENA. The parameters used for this calculation are the
incident and outgoing angles in degrees (15� and 75�) and the
thickness of the sample in microns (5 lm was used as it is larger
than the estimated X-ray penetration).

The v(R) functions (related to the radial distribution) obtained
from the Mo K-edge XAFS data are presented in Fig. 4. Data from
three processing steps (only as-deposited, 700 and 900 �C data
are presented for clarity) show that the molybdenum probed by
the X-rays remains largely metallic (see the fit from Fig. 5) but with
additional intensity below �2.0 Å due to the formation of short-
range order during the high temperature processing. This is an
indication that a structural change occurred in the samples during
processing to high temperature. Because the X-rays incident at 15�
probe a significant depth below the Mo/Pb interface, removal of
the large metallic Mo signal is required to extract the short dis-
tance information. Therefore, the raw data at all processing tem-
peratures were fit to a Mo metal structural model as follows.
First, all scattering paths, including multiple scattering, were gen-
erated using ARTEMIS between 1.6 and 5.6 Å. The paths were cal-
culated using crystallographic data available for Mo metal [25] in
the body-centered cubic structure. Next, the best fit was obtained
by allowing only four parameters to vary: the edge energy shift
(E0), the overall amplitude reduction factor (S2

O), an isotropic
expansion factor (a), and a disorder parameter (b) which was used
to scale the mean squared disorder for each path to its length. Fig. 5
displays the fit to the as-deposited Pb-coated molybdenum rod
data collected at room temperature using this highly constrained
model. The R-factor of the fit shown in Fig. 5 is 0.046.

The Mo EXAFS data obtained after each high temperature pro-
cessing step were fit using the same method as for the as-depos-
ited sample shown in Fig. 5 with similar R-factors and quality of
fit. The fit was subtracted from the experimental data to obtain a
enum rod sample with 15o angled side surface (b).



Fig. 2. Furnace, with insert, installed in the MRCAT experimental station. X-rays are incident along arrow 1 and the Kapton-sealed fluorescence window is shown by arrow 2.
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difference spectrum, which provides a qualitative measure of the
change in the low-R intensity as a function of processing tempera-
ture. Fig. 6 shows the residual of v(R) at k3 weighting for selected
temperatures. The low-R peaks exhibit a systematic growth in
intensity to a maximum at 750 �C but disappear at higher temper-
atures. This is suggestive of chemical interactions occurring at the
Mo/Pb interface, but the limitation of having a 15� incident X-ray
angle prevents a more detailed structural analysis of the EXAFS
data.
Fig. 3. Integrated intensity of the Pb La fluorescence taken on in situ samples vs.
temperature, error bars fall inside the symbols.
3.2. XANES analysis

XANES analysis has been performed on the Mo K-edges from
the sample. The comparison of the normalized spectra in the
XANES range of Mo/Pb sample at different processing temperature
shows changes in the shape and intensity of features observed near
the edge region.

Fig. 7 depicts the Mo K-edge XANES spectra from the as-depos-
ited Mo/Pb sample, and heat treatments of 400, 500, 700 and
Fig. 4. Mo v(R) vs. temperature for selected heat treatments: as-deposited (---);
700 �C (– – –); 900 �C (–�– �).



Fig. 5. Comparison of the as-deposited Mo/Pb sample experimental v(R) data (---)
to the fit (–��) using a constrained pure Mo structural model over the range,
1.6 Å < R < 5.6 Å.

Fig. 6. Residual v(R) at k3 weighting after removing Mo metal fit for Mo/Pb sample
treated at different temperatures: as-deposited (---); 700 �C (– – –); 750 �C (–� – �);
800 �C (–��) and 900 �C (– – �).

Fig. 7. Mo XANES comparison of Mo/Pb sample, as-deposited (black – � – �), 400 �C
(grey – � – �), 500 �C (black – – –), 700 �C (grey ---), and 900 �C (black ---) with
standards of Mo foil (��–); MoO2 (– – �); and MoO3 (����). (color) Mo XANES
comparison of Mo/Pb sample, as-deposited (black – � – �), 400 �C (orange – � – �),
500 �C (black – – –), 700 �C (orange ---), and 900 �C (black ---) with standards of Mo
foil (blue � �–); MoO2 (green – – �); and MoO3 (red � � � �) (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.).

Fig. 8. MoO2 (circle) and MoO3 (square) component fit fractions versus tempera-
ture obtained from least squares fitting of the XANES data. The dominant
component is the spectrum of the as-deposited sample (�0.90, not shown).
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900 �C compared with the spectra from three reference samples,
Mo foil, MoO2, and MoO3. Comparison of the measured spectra to
the corresponding references reveals very similar features for the
sample with increasing processing temperature except for the de-
crease of the ‘white line’ peak at 20,015 eV. In order to quantify this
effect, the experimental XANES spectra were analyzed by linear
combination least-squares fitting in ATHENA, using the initial
Mo/Pb metal sample, MoO2, and MoO3 as reference standards to
extract information about the oxide composition at the Mo/Pb
interface. The least squares fits were dominated by the spectrum
of the as-deposited sample (�0.90 fit fraction) however some sys-
tematic trends can be seen in the extracted oxide fractions as a
function of temperature (Fig. 8). At low temperatures MoO2 begins
to form at the interface. At intermediate temperatures, the MoO2 is
converted to MoO3 which remains most stable until its melting
temperature (800 �C). Finally, MoO2 reappears and dominates
above 800 �C. This demonstrates that, despite relatively deep pen-
etration of the excitation X-ray beam at the 15� incident angle into
the bulk molybdenum, this measurement is sensitive to the Mo
either at the buried interface or dissolved in the Pb overlayer.
4. Conclusions

The local environment of in situ molybdenum that was exposed
to lead was investigated by Mo K-edge XAS. This technique has
been shown to be sensitive to the surface chemistry of the Mo as
a function of temperature. The EXAFS and XANES data show similar
trends with the qualitative appearance and disappearance of a
short distance peak (EXAFS) and the quantitative signature of the
MoO3 moiety (XANES) in the intermediate temperature range of
650–800 �C. The 15� incident angle limits the quantitative analysis
of the EXAFS due to the dominant components arising from bulk
Mo, however, our results indicate that lower angle and, more spe-
cifically angle-dependent measurements, will permit the develop-
ment of a detailed picture of the evolution of corrosion at the
buried Mo/Pb interface and that this technique can be extended
to other relevant structural materials.
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