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OBJECTIVE

One proposed U.S. test blanket module (TBM) for ITER uses ferritic-martensitic alloys with both eutectic
Pb-Li and He coolants at ~475°C.  In order for this blanket concept to operate at higher temperatures
(~750°C) for a DEMO-type reactor, several Pb-Li compatibility issues need to be addressed.  One is mate-
rials for the transport of Pb-Li between the first wall and heat exchanger.

SUMMARY

A FeCrAl substrate was pre-oxidized at 1000°C to thermally grow an external Al2O3 scale and then
isothermally exposed to Pb-17Li for 1000h at 800°C to determine if this layer would protect the underlying
alloy from dissolution.  After exposure, a small mass gain was measured, indicating that the layer did inhibit
dissolution.  However, characterization of the external layer determined that it had transformed to LiAlO2
with an increased thickness and a much larger grain size than the original layer. This observation has
implications for the use of Al2O3 as a tritium diffusion barrier.

PROGRESS AND STATUS

Introduction

A recent focus of the U.S. fusion energy program has been on developing a proposal for a test blanket
module (TBM) for ITER.  The dual coolant Pb-Li (DCLL) TBM concept has both He and eutectic Pb-Li
coolants and uses ferritic steel as the structural material and a SiC/SiC composite flow channel insert
(FCI).[1] The interest in this concept has focused compatibility-related research on Pb-Li.  Many materials
have poor compatibility with liquid Li,[2] but the activity of Li is much lower in Pb-17Li,[3] and this allows a
wider range of materials to be considered.  However, Pb-Li still readily dissolves many conventional alloys.
While the TBM maximum operating temperature will be <500°C, this blanket concept would be more
attractive for a reactor with a higher maximum operating temperature, perhaps >700°C if oxide dispersion
strengthened (ODS) ferritic steels[4] were used.  However, at these higher temperatures, compatibility is
even more of a concern.  Therefore, static capsule testing is being conducted on materials at 700° and
800°C.  One of the materials reported on in a previous report,[5,6] ODS FeCrAl, was selected for further
characterization to determine changes in the surface reaction layer after exposure to PbLi at 800°C.

Experimental Procedure

Specimens of ODS FeCrAl (Plansee alloy PM2000) with dimensions of ~15 x 18 x 1-1.5mm and a
composition given in Table 1 were polished to a 0.3µm finish.  Pre-oxidation of both specimens was
conducted with a rapid insert to a pre-heated furnace at 1000°C in dry, flowing O2 for 2h.  One specimen
was then held with Mo wire in a Mo capsule containing 125g high purity (99.9999%) Pb shot (chemical
composition in Table 2) and 0.86g Li to make Pb-17at.%Li.  The Mo capsule was loaded in an argon-filled
glove box and it was then welded shut to prevent interstitial contamination during the test.  The Mo capsule
was then sealed inside a type 304 stainless steel capsule and was heated inside a resistively-heated box
furnace in air to 800°C for ~1h to allow the Pb and Li to melt.  The capsule was then inverted to submerge
the specimen in Pb-Li.  After 1,000h at 800°C, the system again was inverted to allow the liquid metal to
drain away from the specimen.  To remove residual Pb-Li on the specimen, it was soaked in a mixture of
acetic acid, hydrogen peroxide and ethanol for up to 72h.  Specimen mass was measured before and after
exposure on a Mettler-Toledo balance with an accuracy of ±0.01mg/cm2. The composition of the Pb-Li
remaining in the capsule after cooling was measured and reported in Table 2.  Both specimens were
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characterized using field emission gun, scanning electron microscopy (SEM) equipped with energy
dispersive x-ray analysis (EDXA), x-ray diffraction (XRD) and transmission electron microscopy (TEM).
Part of the specimen was mounted in epoxy for a metallographic cross-section.  Cross-sectional TEM
specimens were prepared using focused ion beam thinning.  A W layer was applied to the specimen
surface to protect the outer surface of the reaction product.

Results and Discussion

The specimen mass gain after pre-oxidation for 2h at 1000°C in O2 was 0.08mg/cm2. These conditions
were selected to ensure the formation of α-Al2O3.  Oxidizing at lower temperatures risks the formation of
less protective, faster-growing metastable alumina polymorphs such as θ-Al2O3.[7-10]  Assuming fully
dense α-Al2O3, this mass gain corresponds to a ~0.4µm thick oxide layer. After exposure to PbLi for
1000h at 800°C, the specimens gained an additional 0.24mg/cm2.  Post-test analysis of the PbLi showed
no detectable Fe or Cr dissolution, Table 2.  The increase in O and Mo after testing may be due to handling
and sampling problems.  Mo was not detected in the PbLi from the other 800°C capsule tests.[5,6]

The initial characterization[5,6] of the ODS FeCrAl specimen surface after exposure to PbLi showed a
uniform adherent surface layer with coarse-grains, Figure 1b, unlike the fine-grained alumina observed
after pre-oxidation, Figure 1a.  Nodules on the surface of pre-oxidized ODS FeCrAl are typically rich in Y
and Ti, but were absent after PbLi exposure.  In cross-section, the surface layer after PbLi exposure was
dense and adherent but obviously thicker, Figure 2, consistent with the mass gain after exposure to PbLi.
Nodules, like those observed in plan view Figure 1a, could be embedded in the surface oxide and cause
local variations in the thickness, Figure 2a.  Coarse Al-rich oxide particles can be seen in the metal in both
cross-sections.

Because the pre-oxidized α-Al2O3 layer was so thin, a TEM cross-section was necessary to examine the
microstructure of the reaction product, Figure 3.  Even after this relatively short exposure, a columnar grain
structure had developed with the grains elongated normal to the metal-oxide interface.  This is the typical
grain structure observed for Y-doped alumina on FeCrAl.[10,11]  The outer oxide layer was rich in Fe and
Cr, typical of the transient stage of oxidation for a FeCrAl alloy and indicative of an inward growing
oxide.[12]  However, closer to the metal-oxide interface the oxide is Al2O3 with only minor impurities in the
bulk oxide. A faceted metal-oxide interface also was evident.  As found in many studies,[10,13] Y and Ti
ions were segregated to the oxide grain boundaries.  Fine voids could be observed in the oxide, but
generally the layer was dense and adherent.

Table 1.  Alloy chemical composition (atomic% or ppma) determined by inductively coupled plasma
analysis and combustion analysis.
Material Fe Ni Cr Al O C N S Other
ODS FeCrAl 67.8 0.02 20.0 10.6 7430 340 210 50 0.44Ti,0.23Y

0.04Si, 0.04Mn

Table 2.  Chemical composition using inductively coupled plasma and combustion analysis of the starting
Pb, commercial Pb-Li ingot and the Pb-Li after capsule exposures at 800°C for 1000h (in ppma except for
Li in atomic%).
Test Li Fe Cr Ni Mn Si Al Mo C O N S
Starting Pb n.d. <4 <4 <4 <4 <40 <8 <2 <170 1270 <40 <50
FeCrAl 17.3% <30 <30 <30 <30 <120 <60 90 460 5280 <40 <50
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Consistent with the metallographic cross-section, the oxide layer after PbLi exposure was much thicker
with much larger grains, Figure 4.  Where grain boundaries intersected the metal-scale interface, the oxide
was locally thicker, arrows in Figure 4a.  The metal protrusion in Figure 4b is typical of inward growth along
grain boundaries and has been observed in Pt-containing alumina-formers.[14]  The nucleation of smaller
grains at the metal-scale interface is not typical of alumina formation.  However, rapid grain growth and
densification were observed when a vapor-deposited Y2O3 coating was exposed to Li.[15]

Selected area diffraction showed a four-fold symmetry rather than the expected hexagonal close-packed
α structure.  The lattice spacing was consistent with the tetragonal structure of LiAlO2. This observation
was confirmed using XRD, where all of the major peaks on the Pb-Li exposed specimen were matched
with JCPDS card #38-1464 for tetragonal LiAlO2. Typical SEM and TEM chemical analysis using EDXA
detected Al and O but not Li, thus the prior incorrect assumption of Al2O3. The pre-oxidized specimen
matched major peaks with JCPDS card #10-0173 for α-Al2O3.

While only a single observation, the transformation of Al2O3 to LiAlO2 at 800°C in Pb-Li confirms a
hypothesis[16] for the problems that have been observed with using alumina as a tritium permeation
barrier in Pb-Li.[16,17]  The permeation reduction factor dropped from >100X in gas to only 15X when the
alumina barrier layer was exposed to PbLi.[17]  However, the LiAlO2 layer seems to perform reasonably
well as a corrosion barrier. The observed mass gain can be attributed to reaction of Al2O3 with Li to form
LiAlO2 and further reaction with O in the PbLi (Table 1) to form additional LiAlO2.

Figure 2.  SEM secondary electron images of polished cross-sections of ODS FeCrAl (a) after pre-
oxidation for 2h at 1000°C and (b) after pre-oxidation and exposure for 1000h at 800°C in Pb-Li.

Figure 1.  SEM secondary electron plan-view image of the oxide on ODS FeCrAl (a) after oxidation for 2h
at 1000°C and (b) after oxidation and exposure to PbLi at 800°C.
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The thermodynamic analysis did indicate that LiAlO2 was more stable than Al2O3 in the presence of Pb-
Li.[16,18]  However, the kinetics of this transformation require further study as 800°C is a relatively high
temperature for most fusion blanket operating temperatures.  At lower temperatures, the transformation
could be much slower or negligible.  However, the rapid diffusion of Li through most materials suggests
that this reaction is not limited to 800°C.

One point to emphasize in these results is that the alumina formed on ODS FeCrAl is quite different from
the alumina formed on an aluminide coating or by a fabrication process like MOCVD.[17]  The presence

Figure 3.  TEM bright field images of the α-Al2O3 scale formed on ODS FeCrAl after 2h at 1000°C in dry
O2. The W coating protected the oxide surface during specimen preparation.
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Figure 4.  TEM bright field image of the LiAlO2 layer on the surface of pre-oxidized ODS FeCrAl after expo-
sure to PbLi at 800°C for 1000h.
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of Y has long been known to have a dramatic beneficial effect on alumina adhesion to FeCrAl[10-13], it
also reduces the oxide growth rate and changes the growth mechanism.  While this particular alloy was
selected as a model substrate for evaluation and is no longer commercially available, other commercial
alloys with reasonable creep strength are available.[19]  The general class of FeCrAl alloys may be
sufficiently compatible with PbLi to be used without a coating outside of the first wall of a fusion reactor.
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