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A series of tests have been performed between 2001 and 2006 at the Safety and Tritium Applied Research
facility of the Idaho National Laboratory to demonstrate chemical compatibility between the molten salt
flibe (2LiF + BeF2 in moles) and fusion structural materials once suitable fluoride potential control meth-
ods are established. The tests adopted metallic beryllium contact as main fluoride potential control, and
the results have been published in recent years. A further step was to expose two specimens of low acti-
vation ferritic/martensitic steel 9Cr–2W to static corrosion tests that include an active corrosion agent
(hydrofluoric gas) in controlled conditions at 530 �C, and the results of the tests are presented in this
paper. The results confirmed the expected correlation of the HF recovery with the concentration of metal-
lic impurities dissolved in the salt because of specimen corrosion. The metals concentration dropped to
levels close to the detectable limit when the beryllium rod was inserted and increased once the content of
excess beryllium in the system had been consumed by HF reduction and specimen corrosion progressed.
Metallographic analysis of the samples after 500 h exposure in reactive conditions showed evidence of
the formation of unstable chromium oxide layers on the specimen’s surface.

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

In 2001, the Fusion Safety Program of the Idaho National Labo-
ratory started a research program as a part of the 2nd Japan/US
Program on Irradiation Tests for Fusion Energy Research (JUPI-
TER-II) aimed at the characterization of the molten salt flibe
(2LiF + BeF2 in moles) as a breeder and coolant material for fusion
applications [1]. The program focused on the two most important
technological challenges related to molten salt breeder systems,
corrosion of structural material and tritium permeation. For fluo-
ride-based molten salts such as flibe compatibility with structural
materials is determined by its ‘redox condition,’ quantitatively de-
fined as the chemical potential of fluoride [2,3]. Flibe redox condi-
tion is in turn affected by the radiation environment and nuclear
transmutation reactions, by reactivity with other contacting mate-
rials and the gaseous environment over the salt and by interaction
with impurities. The corrosive properties of fluoride molten salts
were analyzed during the operation of the Molten Salt Reactor
Experiment at the Oak Ridge National Laboratory in the 1970’s
[4–6]. Contrary to this fission experiment, however, in fusion sys-
tems transmutations due to neutron capture reactions constitute
an inherent source of tritium and fluoride atoms within the molten
salt that constantly modifies the fluoride potential. The dominant
transmutation reactions of flibe constituents (using standard
ll rights reserved.
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neutron reaction theory nomenclature) are relative to its tritium
breeder element (lithium),

6Liðn;aÞ3H;
7Liðn; n0aÞ3H;

ð1Þ

and its neutron multiplier element (beryllium),

9Beðn;2nÞ24He;
9Beðn;aÞ6HeðT1=2 ¼ 807 msÞ ! 6Li:

ð2Þ

The overall result of the above nuclear reactions (aside from the main
purpose of generating tritium) is the production of free fluoride that
had been associated with the transformed cations. The fluoride ions
can either combine with the tritium produced to form tritium fluo-
ride (TF), combine with other metal impurities in the flibe, or remain
as fluoride ions. Experimental studies of flibe irradiation in fission
reactors with a fast neutron spectra have shown that without active
chemical control more than 90% of the tritium generated in the mol-
ten salt accumulates as tritium fluoride [7–10] and recent estimates
based on typical blanket parameters have quantified its generation
as ranging from 1.2e18 to 1.33e18 atoms TF per m3 per s [11]. This
would lead to unacceptable corrosion rates of all metallic structural
materials presently considered because of the strong chemical reac-
tivity of tritium fluoride that combine with metallic elements follow-
ing the general reaction:

23HFþM$ H2 þMF2; ð3Þ
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Fig. 1. Corrosion test cell schematic.
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(where 3H could be any other hydrogen isotope and M could be Fe,
Cr, W, etc. depending on the specific structural material consid-
ered), therefore the design of an active control of the fluoride poten-
tial is a key feasibility issue for molten salt blankets. Several
methods are available in principle for redox control, and they can
be summarized as ternary salt mixtures, cover gas control or con-
tacting with a salt element in metallic form [3,4,12]. Methods based
on ternary (or higher order) salts have been investigated for fission
applications since the mixture inherently contains uranium salts as
fuel, but their complexity makes them an inefficient choice for fu-
sion applications. Gas contacting methods based on HF/H2 mixtures
are used during salt preparation, but the presence of hydrogen in
the cover gas would aggravate the issue of tritium permeation mak-
ing it unfeasible for fusion blankets. Thus contacting with metallic
beryllium has been selected as the method of choice and investi-
gated during the JUPITER-II Program in the redox test experimental
campaign. The objective of the tests was the quantitative measure-
ment of the rate of the Be–TF redox reaction with the goal of obtain-
ing useful kinetic data that could be used to quantitatively validate
the method [1,13–15]. To simulate tritium fluoride generation by
neutron capture, hydrogen fluoride gas concentrations between
900 and 1800 ppm were provided in the gas phase by bubbling
gas mixtures of HF/H2 in excess of He in the salt. The gas phase con-
centration range corresponds to dissolved HF concentrations in flibe
that are about 100–200 times higher than expected in a fusion blan-
ket [1]. This limitation was imposed by the sensitivity of the instru-
ment used to monitor the variation of the HF concentration in the
gas stream. To conclude the feasibility study two specimens of
low activation ferritic/martensitic steel 9Cr–2W have been exposed
to static corrosion tests with the same conditions encountered in
previous redox test.
Fig. 2. From left to right: Be rod and assembly scheme, Ni sample loader, JLF-1
specimen.
2. Experimental facility and test procedures

The corrosion tests described in this paper used the same facil-
ity and similar experimental procedures of the redox tests [1]. The
molten salt material was also the same used for previous experi-
ments. It had been produced from 540 g of stoichiometrically bal-
anced powder mixture of BeF2 and LiF melted in a Ni crucible and
purified by hydro-fluorination. Process chemistry during purifica-
tion and testing was controlled by mass spectrometry along with
periodic sampling and analysis by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) or inductively coupled
plasma mass spectroscopy (ICP-MS) analysis for metallic impuri-
ties, LECO analysis (inert gas thermal evolution) for oxygen and
nitrogen, and surface analysis (SEM, EDX) for reaction with con-
tacting surfaces.

The corrosion test cell schematic is shown in Fig. 1. The outer
shell bottom side (the pot) was a standard CF vacuum flange to
which a mating tube with 0.15 m length and 0.1 m outer diameter
had been welded. The top side (the lid) was also a standard CF
blank flange on which various sized risers with CF flanges have
been welded to provide gas tight access to the cell volume. Compo-
nents were made of 316 stainless steel and all inner surfaces were
nickel coated using a high-velocity oxyfuel spray process to reduce
the surfaces reactivity with HF gas. The risers allowed the penetra-
tion of sliding tubes that housed the beryllium rod, the steel spec-
imens and the sampling cups (Fig. 2). The sliding tubes were
provided with a gas inlet to minimize air leaks and molten salt
vapor condensation on the tubes inner surfaces. Two gate valves
on each riser were used to minimize the access of air during sam-
pling and specimen insertion. A third sliding seal was used for the
gas inlet that carries the reactive mixture containing HF and H2 and
was immersed in the salt after melting about 5 mm from the
crucible bottom. Three more gas connections were used as inlet
for inert gas in the cell volume and above the salt surface and as
outlet for all the combined input flows. The gas outlet was con-
nected to the diagnostic system composed of a sampling quadru-
pole mass spectrometer (Stanford Research System SRS-100) and
an on-line auto-titration system (Schott Titronic Universal) that re-
cords the volume of 0.1 N NaOH solution used to neutralize the
amount of HF present in the gas stream. The measured decrease
of NaOH consumption rate when metallic beryllium was contacted
and then again extracted from the salt allowed the evaluation of
the reaction kinetics in the system. The time period in which redox
control was active is determined from the time to recover the ini-
tial NaOH consumption rate before the beryllium insertion.

The initial phase of the procedure for the two corrosion tests was
derived from an optimization of previous redox tests [14]: the mol-
ten salt was first maintained at 530 �C under a bubbling He gas to
establish baseline conditions, then the bubbling gas was then
switched to the corrosive He/H2/HF mixture and equilibrium was
re-established. The mixture chosen for the tests had a nominal total
flow rate of 140 cm3(NTP)/min with an HF concentration of
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1075 ppm. The ratio of concentrations of H2 to HF was kept at 11 as
for previous redox tests. The corresponding HF molar flow rate was
1.12e�7 mol/s. At time t = 0 the beryllium rod (Brush Wellman I-70
high-grade beryllium) was immersed and remained in the molten
salt for 5 h. Its diameter (Fig. 2) was 5.1 mm and the immersed
depth estimated as 23 mm, for an estimated contact area of
387 mm2. After 5 h the beryllium rod was extracted and the steel
specimen inserted in its place to start the corrosion test, which
lasted 500 h. Both specimens tested were reduced activation fer-
ritic/martensitic steel JLF-1 (89Fe–9Cr–2 W) produced in Japan
and provided by Tokyo University within the JUPITER-II collabora-
tion. The specimens (Fig. 2) had a width of 9 mm, a thickness of
2.5 mm and the immersed height was estimated as 23 mm, for an
estimated surface in contact with the salt of 552 mm2. Based on
the experience with early redox tests [14] the specimens and the
beryllium rod have been electrically decoupled from the grounded
nickel crucible using alumina connectors to avoid creating a low
resistance path for electrochemical ionic currents in the salt be-
tween the immersed surfaces and the crucible.

3. Results and discussion

The main result of the corrosion tests was the confirmation of
the expected correlation between the HF recovery used to evaluate
the efficiency of metallic beryllium as a redox agent and the mea-
sured concentration of metallic impurities dissolved in the salt be-
cause of specimen corrosion. As already stated, corrosion was
driven primarily by the HF contained in the gas mixture that bub-
bled through the salt following the general reaction expressed in
(3). As the reaction proceeds the net effect is the increase of con-
centration of iron and other metallic elements in the salt (in the
form of metal fluorides) at the expense of the structural material.
Initial impurities from material processing between tests also con-
tributed to selective Cr depletion through the reaction MF2 +
Cr M M + CrF2, where M could be Ni or Fe. Fig. 3 plots on the right
vertical axis the main measured impurities (iron and chromium)
expressed in part per million (moles) in the salt for the first
200 h of the second corrosion test (FSCT2). The titration curve rel-
ative to the same period is also plotted as the volume of 0.1 N
NaOH solution expressed in milliliters (left vertical axis). The initial
slope of the titration curve (time < 0) corresponded to equilibrium
conditions with the mixture of HF/H2/He specified before. The
beryllium rod was contacted with the molten salt at time t = 0,
Fig. 3. Measured impurities and titration curve for FSCT2 first 200 h.
retracted after 5 h and the sample inserted in its place. The de-
creased consumption rate corresponds to the period of active redox
control (extending about 40 h after the sample immersion). The
full range (500 h) of measured chromium and iron impurities data
is plotted in Fig. 4 for the first corrosion test (FSCT1), which was
performed in the same conditions, and reported in Table 1 for
FSCT2. Nickel impurities (reported in Table 1 for completeness)
should not be compared to other elements in terms of absolute
numbers because of the much larger contact area of the crucible
compared to that of the specimen; tungsten impurities are usually
below the detection limit of about 2 ppm in both cases and are not
plotted; oxygen and nitrogen impurities are measured to evaluate
process conditions. The data show that the metallic beryllium pres-
ent in the system effectively controlled the fluoride potential and
prevented the dissolution of metallic elements from the specimen.

It is important to note that the experiments described here
were not designed to measure the effective solubility of metallic
beryllium in flibe, but only to assess the feasibility of metallic
beryllium as a redox agent under aggressively corrosive conditions.
The presence of different materials in contact with the salt during
various phases of the test (nickel crucible, beryllium rod, steel
specimen, thermocouples, sampling cup) established complex
electrochemical phenomena that were also responsible for excess
beryllium availability in the system. For example, post-analysis
inspection of nickel crucibles used during long-term beryllium
contacting tests [13] showed the formation of stable Ni–Be alloys
on the crucible surface. An attempt to separate the various contri-
butions was performed by comparing the effect of electrically cou-
pled beryllium rods versus the alumina-insulated rods showed in
Fig. 2 that were also adopted for the corrosion tests [14,15]. How-
ever, conventional methods based on weight loss and post-analysis
are not accurate enough when trying to measure a small quantity
Fig. 4. Measured impurities for FSCT1.

Table 1
Flibe impurity concentrations for corrosion test sample FSCT2.

Time (h) Fe (ppm) Cr (ppm) Ni (ppm) W (ppm) O (ppm) N (ppm)

1 183 7.83 107 <det
2.5 180 7.47 105 <det
6 4.94 1.66 11 <det
24 7.34 2.53 62.6 <det 1850 40.65
64 192 63 22.4 2.08 1890 42.25
192 359 7.24 42.2 <det 1195 24.5
336 435 9.23 74.9 <det 565 13.3
502 490 5.59 128 <det 1195 30



Fig. 6. Successive oxide layer formation and detachment.

Elem Line Wt% At% 
C K 2.8 6.34 
O K 37.37 63.68 
Ti K 0.65 0.37 
V K 0.76 0.41 
Cr K 35.87 18.81 
Mn K 0.88 0.44 
Fe K 19.85 9.69 
W L 1.83 0.27 

Fig. 7. EDX analysis of precipitated layer.
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of an element in the presence of a large background of the same
element, as is the case in measuring the solubility of excess beryl-
lium in flibe, and 7Be radioactive tracing should be employed. In
terms of blanket design, the determination of the beryllium solu-
bility would address whether a simple method based on uniform
beryllium dissolution in cooling loops would be enough to balance
the small TF source due to nuclear transmutations, or else localized
methods for impurities control (including metallic beryllium con-
tacting) are needed in equilibrium with acceptable corrosion rates,
as is the case in sodium cooling systems.

When the titration slope was recovered the excess beryllium
present in the system had been consumed and the initial, aggres-
sively corrosive conditions were restored. As a result the concen-
tration of measured impurities in the salt increased. The
concentration of iron continued to increase during the 500 h tests,
while the concentration of chromium peaked about 70 h after the
test started and then decreased. The metallographic analysis of
the specimens extracted from the molten salt bath offered little in-
sight on the processes related to the redox-controlled phase be-
cause of the successive long-term exposure to highly reactive
conditions. However, the results confirmed that the decrease in
chromium concentration is due to the precipitation of chromium
oxide layers as predicted by thermodynamic equilibrium calcula-
tions and observed in previous experiments [10]. The layers have
been reported to be mainly composed of Cr2O3, but lower concen-
trations of other elements such as (CrFe)2O3, and spinel type oxides
of (FeCr2)O4 and Fe3O4 have also been observed. Fig. 5 shows a low
magnification scanning electron microscope (SEM) picture of the
cross section closer to the specimen bottom tip, where the thicker
layer of salt solidified during extraction is present. The formation
of an oxide layer is observed in Fig. 5 as well as Fig. 6, a higher mag-
nification SEM picture of a different cross section where successive
layer formation and detachment is observed. It is clear that in the
conditions of the experiments the oxide layer forming on the spec-
imen surface is not stable. The composition of characteristic mor-
phological structures has been quantitatively analyzed by energy
dispersive X-ray spectroscopy (EDX). The results overall confirmed
the presence of higher than expected oxygen concentration due to
progressive deterioration of the sliding carbon seal used for sam-
pling operations, as already observed in the LECO analysis data re-
ported in Table 1. The EDX spectrum and elemental composition of
the precipitating layer is shown in Fig. 7.

The total mass of impurities dissolved in the salt was calculated
from the sampling analysis results. The data presented in Fig. 4
Fig. 5. Low magnification SEM picture of FSCT1 specimen.
have been interpolated and the integration of the fitted curves over
the test period yielded a total mass of 8.1688e�2 g of Fe and
9.5679e�3 g of Cr. The lower ratio of Fe to Cr impurities compared
to the metal composition and the higher ratio of Cr to Fe observed
in the precipitated layers (Fig. 7) confirms the selective dissolution
of chromium in the salt, although quantitative observations are not
possible due to the high-non-uniformity typical of static cell tests.
To a zero order approximation the dissolved mass would corre-
spond to a 21 micron layer uniformly eroded from the specimen
surface immersed in the salt. This calculation compares well with
the localized erosion measured during SEM observation of various
specimens cross sections (Fig. 3). The estimated corrosion rate is
370 microns/year, which also compares adequately well with pre-
vious observations for stainless steel [12] considering the highly
aggressive conditions employed.

4. Conclusions

Two corrosion tests of representative fusion blanket structural
material in the molten salt flibe were performed as a conclusion
of an experimental campaign aimed at the feasibility assessment
of metallic beryllium as a control agent of the fluoride potential,
which in turn controls compatibility and corrosion properties.
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The corrosion tests were performed in the same conditions as
previously reported experiments, mainly characterized by the
injection in the salt bath of an aggressive gas mixture containing
1075 ppm hydrogen fluoride. The main achievement was the
experimental verification of the correlation between the rate of
HF neutralization measured downstream of the reactor cell by a
titration system and the concentration of impurities dissolved in
the salt, measured by periodic sampling and analysis. Further qual-
itative insights on the chemical processes have been gained by
metallographic analysis of one of the specimens that confirmed
the selective corrosion of chromium and the precipitation of unsta-
ble layers of chromium oxide.
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