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Abstract

If the operating temperature lead—bismuth cooled fission reactor could be extended to 800 °C, they could produce
hydrogen directly from water. A key issue for the deployment of this technology at these temperatures is the corrosion
of the fuel cladding and structural materials by the lead—bismuth. Corrosion studies of several metals were performed to
correlate the interaction layer formation rate as a function of time, temperature, and alloy compositions. The inter-
action layer is defined as the narrow band between the alloy substrate and the solidified lead—bismuth eutectic on the
surface. Coupons of HT-9, 410, 316L, and F22 were tested at 550 and 650 °C for 1000 h inside a zirconium corrosion
cell. The oxygen potential ranged from approximately 1072 to 107" Pa. Analyses were performed on the coupons to
determine the depth of the interaction layer and the composition, at each time step (100, 300, and 1000 h). The thickness
of the interaction layer on F22 at 550 °C was 25.3 um, the highest of all the alloys tested, whereas at 650 °C, the layer
thickness was only 5.6 pm, the lowest of all the alloys tested. The growth of the interaction layer on F22 at 650 °C was
suppressed, owing to the presence of Zr (at 1500 wppm) in the LBE. In the case of 316L, the interaction layers of 4.9
and 10.6 pm were formed at 550 and 650 °C, respectively.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

The energy demands of the ever increasing human
population are escalating and putting extreme demands
on Earth’s natural resources. Meeting those demands
will require innovative energy resources for producing
electricity without increasing pollution. Advanced nu-
clear energy systems offer the means of supplying the
world’s growing need for energy and a better quality of
life. The Idaho National Engineering and Environmen-
tal Laboratory (INEEL) is conducting research in ad-
vanced reactor development, called Generation IV. One
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reactor type under consideration is cooled with molten
lead (Pb) or molten lead-bismuth eutectic (LBE). The
operating range of most molten Pb/LBE reactors is
~550 °C. If the operating temperature of these reactors
could be extended from 550 to 800 °C, they could pro-
duce hydrogen directly from water. A key safety issue
for the deployment of this technology is dissolution or
corrosion of the fuel cladding and structural materials
by the heavy metal coolant.

Globally, several pump-induced LBE flow loop fa-
cilities have been built to study the corrosion rates of
various steels and the mass transfer of various elements
in LBE up to 550 °C. Some facilities have also con-
ducted stagnant experiments in an attempt to quantify
the effect of LBE. Russia (Obninsk) and Germany have
run both stagnant and flowing LBE experiments at their
facilities at 550 °C. Russia has investigated Optifer IV,
EM10, 1.4948, and 1.4970 in a loop and found limited
corrosion and a measurable oxide layer [1]. Germany,
at KALLA, studied 316L, 1.4970, and MANET, all
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alloyed with Al, at the GESA facility in a loop at 550
and 600 °C and found severe corrosion to 316L at 600
°C, but no noticeable attack on the other alloys [2,3].
They also studied Optifer IVc and 1.4970 alloyed with
Al in a stagnant environment and found no corrosion
[2]. Los Alamos National Laboratory (LANL) studied
316/316L, D9, HT-9, 410, and EP823 in the flowing loop
in Obninsk [4]. From the exposures performed in Russia,
a kinetic model for the new operational loop was de-
veloped. Spain has also performed stagnant tests on
316L and MANET II, revealing logarithmic trends at
lower temperatures, and parabolic trends for higher
temperatures [5].

This paper describes the interaction layer developed
on several martensitic and ferritic steels (HT-9, F22, 410,
and 316L) in LBE containing saturated Zr levels at el-
evated temperatures. The INEEL facility uses a corro-
sion cell (constructed from Zr pipe) with internal gas
injection to induce a loop-like effect. Our choice of US
steels includes 316L as a baseline for the mass transfer of
nickel. HT-9 was developed for use in the fast reactor
project at Argonne National Laboratory West. The 410
has a close resemblance to EP823 which is a Russian
alloy used in their submarine LBE reactors and recently
studied at Los Alamos. F22 is an iron alloy with a low
chromium content (2 wt%). The experiments reported
here were designed as an extension of our previous work
at higher temperatures in the presence of a zirconium
inhibitor. In 1960, James et al. [6] found that a 50 wppm
addition of zirconium to bismuth was enough to sup-
press metallic corrosion. The zirconium nitride formed
the protective film at the steel/bismuth interface to in-
hibit corrosion. Further, they found that carbon was
much more effective than nitrogen in the inhibition
process by forming ZrC. With Zr as an inhibitor, James
et al. [6] reported a reduced corrosion rate by a factor of
40 in bismuth. It is accounted for by the difference in the
solubility of iron in LBE. Adding 500 wppm titanium as
an inhibitor in a Pb system reduced corrosion as effec-
tively as zirconium in the bismuth system. The protec-
tive film in a lead-titanium system is titanium carbide
and nitride [6]. This was verified by scientists during
early lead corrosion studies [7-10]. We sought to un-
derstand the role of Zr to inhibit the corrosion rate in
LBE.

2. Experiment

We set up an experimental apparatus to test various
materials in LBE at two different temperatures. The
experimental conditions and the oxygen control tech-
niques system are explained. Since the mass transfer of
elements from the structural metal to the LBE is the
major contributor to LBE corrosion the method of
measurement is detailed.

2.1. Apparatus

The corrosion test apparatus shown in Fig. 1 achieves
loop-type behavior by inducing flow in the riser by in-
jecting gas through a lance. Detailed modeling and
measurement of the liquid flow is explained in our pre-
vious publications [11,12]. A resistance furnace is used to
heat the experimental apparatus to isothermal condi-
tions; see the temperature profile, also in Fig. 1, showing
both flow and no-flow conditions. The corrosion cell
was constructed of a zirconium (1 wt% Hf) tube. Zir-
conium has high solubility in LBE. In order to mitigate
the dissolution of zirconium into the LBE during the
experiments, we pre-oxidized the Zr-tube to create a
zirconia (ZrO,) protective layer. We pre-oxidized the cell
by heating the empty Zr-tube to 540 °C and then in-
jected H,0 over 6 h. This produced a tightly adhering
black oxide layer of ZrO,. However, the oxide layer
started spalling off during the experiment runs.

A mass spectrometer and O,-meter measured the gas
composition entering and exiting the corrosion cell. The
mass spectrometer AERO VAC 2900 sampling system is
a turn-key system, consisting of a computer-controlled
residual gas analyzer system that controls the heater
oven-enclosure for the system, and the 1600 Mass
Spectrometer/RGA, which has a two-stage fractiona-
tion-free manifold system. The O, meter is a Thermox
II, which is a self-contained portable analyzer using an
electrochemical cell made of ZrO, heated to 760 °C, with
a lower detection level of 0.1 vppm. The mass spec-
trometer was limited to a lower O, detection level of ~10
vppm. The presence of CO (generated in the corrosion
cell) caused the meter to read off-scale low (as would any
other flammable gas). By continuously measuring the
gas phase during the experiment, we determined the
oxygen potential in each corrosion cell using both me-
ters. With submerged gas injection and isothermal con-
ditions, we assume the gas phase oxygen partial pressure
to be in equilibrium with the LBE within a range of
1072 to 107! Pa. We cannot be entirely sure of the
oxygen partial pressure in the LBE because of the
presence of zirconium, also competing for O,, which is
discussed further in Section 2.3.

2.2. Materials

The growth of interaction layer thickness on different
alloy surfaces as a function of time and temperature
were measured. Four steel alloys (HT-9, 410, 316L, and
F22) and zirconium alloy Zr-4 were subjected to a
flowing lead system at 550 and 650 °C for 100, 300, and
1000 h. The chemical composition of each type of steel,
as specified by the manufacturer, is presented in Table 1.
Metal Samples, Inc., supplied the metallic coupons
stamped from rolled sheets and machined into the
proper dimensions (3.175 cm OD and 0.32 cm thick).



E.P. Loewen et al. | Journal of Nuclear Materials 321 (2003) 269-280 271

Test coupons

Temperature Profile

37
Temperature

——— No flow =
— — - Flow
30
25
20

Fig. 1. Schematic diagram of the isothermal gas-lift apparatus used for corrosion resistance testing of various structural materials in
heavy liquid metals. A typical axial temperature profile is provided along with a picture of alloy samples removed from the LBE.

Stainless steel 410 was cold rolled. F22 was annealed at
900 °C and then 750 °C. The 316L was heat treated at
820 °C and cooled in air. The precise thermal history of
HT-9 is not known because it was cut from a non-irra-
diated fuel channel box from Argonne National Labo-
ratory West. Each coupon was polished on one side to a
0.3-um mirror finish (except HT-9 due to a nominal
thickness of 1.07 mm), allowing a uniform surface finish
to quantify the growth of the interaction layer between
time and temperature steps. The coupons were fixed
onto a lance separated by alumina spacers and inserted,
polished side down, into the corrosion cell. Fig. 1 shows
a coupon at the end of a lance after 1000 h of exposure
in LBE. Tensile coupons were placed on the outside of
the inner shroud (LBE down flow area) for the duration
of the experiment.

Upon removal from the molten LBE, the coupons
were shaken to remove excess liquid LBE. Then, the

coupons were cross-sectioned using a diamond saw,
mounted in epoxy, and mechanically polished inward to
a 0.3-m mirror finish, by using alumina and silicon
carbide. Detailed corrosion and interaction morpho-
logies were obtained with a Philips XL, 20-keV electron
beam, scanning electron microscope (SEM). (We define
the interaction layer as the narrow band between the
alloy substrate and the lead—bismuth eutectic solidified
on the surface.) The interaction layer differs from a
corrosion layer because more processes are measured
and observed than simply the corrosion of the metal.
Mass transfer and oxidation of materials as well as the
effects of inhibitors are observed. Therefore, the inter-
action layer is all the material between the metal sub-
strate and the coolant in which the aforementioned
processes can be analyzed. The entire coupon cross-
section was scanned, and detailed measurements were
taken at three separate locations that most accurately
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Table 1

Chemical compositions of the metal substrates (wt%)
Element Zr-pipe HT-9 316L 410 F22
C 0.013 0.2 0.011 0.093
Cr 12.0 16.340 12.54 2.139
Cu 0.340 0.120
Fe 0.13 Balance Balance Balance
Hf 2.60
Mn 1.490 0.68 0.404
Mo 0.1 2.070 0.925
Nb 0.002
Ni 0.55 10.120 0.122
P 0.028 0.006
S 0.015 0.0013
Si 0.570 0.83 0.130
Sn 0.006
Vv 0.3
w 0.5
Zr Balance

portrayed the characteristics of that coupon. Energy
dispersive X-ray (EDX) analysis was used to analyze the
chemical composition of the interaction (corrosion)
layers. The M-line was used for both lead and bismuth;
the K-line was used for all remaining materials.

2.3. Experimental conditions and oxygen control

Muller et al. [13] recommend that the oxygen level in
LBE be bounded as follows:

24;Glyo > RT Inpo, > 0.54,G}, o, - (1)

Further, Li [14] and Lefhalm [15] have examined active
control of oxygen in an LBE system using an H, and
H,O mixture to control the oxygen partial pressure.
They assume that the gas phase above the molten metal
is in equilibrium with the partial pressure in the LBE.
However, the exchange of oxygen between the gas phase
and liquid metal is limited by diffusion. Therefore, the
kinetics of this equilibrium is unique for each geometry
and must be measured for each LBE system.

The results reported in this paper used INEEL’s solid
carbon buffer system (C/O,/CO/CQO,) to keep the oxygen
between the bounds established in Eq. (1). This INEEL-
developed buffer system (with a provisional patent) uses
solid and gaseous carbon to control the oxygen level in
the LBE. The calculated standard free energy of for-
mation of oxides (HSC Chemistry, version 4.0) as a
function of temperature and normalized for one-gram
atom of O, are presented in Fig. 2. From visual in-
spection and inductively coupled plasma (ICP) analysis,
we suspect very little breakdown of the ZrO, layer on
the cell surfaces in the zirconium corrosion cell operated
at 550 °C. Therefore, oxygen control may be due to the
carbon buffer. When the cell was operated at 650 °C, the

ZrO, layer both inside and outside the cell spalled off,
resulting in saturated Zr levels in the LBE and cracking
on the outside of the cell. Since the freshly exposed Zr
consumed O,, our oxygen partial pressure was not under
carbon control. However, we do not think that free Zr
was present in the cell to reduce the metal oxides (see
Fig. 2, Zr + 2PbO — ZrO, + 2Pb). Zr, therefore, acted as
a passive inhibitor. Based on Fig. 2, calculations, and
oxide layer measurements, we indirectly infer the oxy-
gen potential was between 1072 and 10~ for the 550
°C experiment and 102 to 10~2* for the 650 °C exper-
iment.

2.4. Lead coolant chemistry

Mass transfer of elements from structural metal into
the LBE affects the coolant chemistry and governs the
LBE attack of the metals tested. If the solubility of the
structural materials in the lead is at saturation, further
dissolution is limited, mitigating corrosion if tempera-
ture and oxygen partial pressure remain constant [14].
Even with our large LBE ratio of 1:30, we still reached
saturation levels with several elements in these short-
duration experiments.

The solubility of metals in the LBE is a function of
temperature. For example, the solubility of Fe in LBE is
given by Eq. (2) [16],

log[Fe] = 6.01 — 4380/T. (2)

where T is in K and the solubility [Fe] is in wppm. For
operating temperatures of 550 °C (experiment 10), the
solubility level of [Fe] in LBE is 5 wppm, whereas for
650 °C (experiment 11) the concentration increases to
18 wppm. Similar relationships hold for Ni, Cr, and Zr,
and are provided in Egs. (3)-(5), respectively.
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Fig. 2. Modified Ellingham diagram showing the oxidation of the metals present in the system. Note the inverse behavior of the carbon

oxidation line.
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Fig. 3. Theoretical solubility limits of Ni, Cr, Fe, and Zr in LBE as a function of temperature. Overlaid are the measured concen-

trations of the metals.
log[Ni] = 5.53 — 843/T,
log[Cr] = 3.98 — 2280/T,

log[Zr] = 6.15 — 3172/T.

(3) Lead and dust (captured in the gas handling train) re-
moved at each time step were sent for compositional
) analysis using an ICP instrument. Fig. 3 presents the
ICP data for both experiments and also shows the
comparison against the solubility lines generated using
(5) Egs. (2)—(5).
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3. Results

The experimental results are summarized with four
figures, EDX layer composition of the cross-sections is
also presented in each figures. Figs. 4-7 show the in-
teraction layer of HT-9, 410, 316L, and F22 with respect
to time and temperature. The two vertical columns are
for each temperature; the horizontal columns are for
each time step: 100, 300, and 1000 h. This allows easy
comparison between temperature and time durations for
the interaction layer. The top white layer in all micro-
graphs is the LBE that solidified on the coupon when

550°C Experiment

100 hours

removed from the corrosion cell. Under the LBE layer is
the interaction layer that resides on top of the metal
alloy. We also provide trace metal concentration in the
LBE as measured by ICP.

3.1. SEM results: thickness of the interaction layer with
respect to time

Fig. 4 shows six different SEM cross-section micro-
graphs of HT-9. In the experiment conducted at 550 °C,
the thickness growth of the interaction layer is apparent.
The results of the experiment conducted at 650 °C also

650°C Experiment

300 hours

1000 hours

03-GAS0084-04a

Layer | Temp. | Time | Fe Cr | W |Pb Bi Al C Zr Sr | Ca Hf 0
1 550°C | 100 | 60.0 | 59 | 0.9 | 187 | 13.7 | 0.5 | 0.2
550°C | 300 | 63.1 [ 7.7 | 0.9 | 2.1 26 | 04 | 0.2 23.2#
550°C | 1000 [ 66.2 | 74 | 0.6 1.4 151 0.1 23.2*

2

3

4 650°C | 100 | 349 | 45 227 [243[ 03 | 05 | 120] 0.8

4 650°C [ 100 [ 28.1 | 2.0 284 [297[ 02|03 ]106] 08

5 650°C | 300 1.3 | 73.4 25.3
6 650°C | 300 | 985 | 1.1 0.1 | 025

7 650°C | 300 | 794 | 18.0[ 1.2 | 0.6 0.1 0.6

8 650°C | 1000 | 82 | 04 28.0 | 16.0 [ 0.7 36.8 9.9
9 650°C | 1000 | 29.0 | 2.2 87 203 | 15 28.8 8.6

* An oxygen peak was measured at this location; the values are estimated based on stoichiometry.

Fig. 4. Micrographs of HT-9 cross-sections as a function of exposure time (100, 300, and 1000 h) and exposure temperature (550 and
650 °C). Data normalized wt%.
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follows this trend, and there are visible and measurable
layers (layers 5 and 8 in Fig. 4) of ZrO,.

Fig. 5 shows a cross-section of 410, the only alloy to
exhibit local pitting at 550 °C and becoming more uni-
form at 650 °C. Also observable at 650 °C is spalling of
the interaction layer, which was Cr-rich, whereas the
topmost layer was ZrO, (explained in Section 4). In Fig.
6, the micrographs of 316L show the expected interac-
tion layer increasing with respect to time and tempera-

550°C Experiment

ture. In Fig. 7, micrographs of F22 show a large increase
of the interaction layer with respect to time for 550 °C,
but at 650 °C there was virtually no interaction layer.
Fig. 8 displays the change in the interaction layer at
550 °C of all four alloys as a function of time. In this
plot we assume that the interaction layer has not spalled
off between time steps. The SEM measurements of the
interaction layer of each coupon were averaged together
and are plotted with respect to time. Notice that F22 had

650°C Experiment

300 hours

1000 hours

03-GAS50094-04b

Layer Temp. Time Fe Cr Si Bi Ph Mn ) Al Na/Ca/Sr Hf Zr

1 550°C 100 45.6 0.7 0.9 315 ) 004 | 189*% | 23

2 550°C 100 59.2 12.4 04 | 34 [ 013 | 051 | 24.0*

3 550°C 300 53.3 13.1 0.8 45 | 051 | 25.1* | 2.7

4 550°C 300 49.3 18.8 06 | 34 1.6 | 053 | 25.0% | 07

5 550°C 1000 47.7 12.2 6.6 7.5 232 1.9 0.96 (Na)

6 650°C 100 41.1 12.1 05 | 186 [ 235 2.2 2.0(Re)

7 650°C 300 14.8 10,0 | 7.8 140 | 534

8 650°C 300 29.9 59.2 0.3 1.0 0.3 5.6 3.6 (Ca)

9 650°C 1000 27 8.7 7.8 21.8* 1.5 0.14 (Sr) 155 | 419

10 650°C 1000 92.3 0.90 23 3.2 1.3

11 650°C 1000 45.7 242 | 0.6 | 003 1.4 24 25.7*

* An oxygen peak was measured at this location; the values are estimated based on stoichiometry.

Fig. 5. Micrographs of 410 cross-sections as a function of exposure time (100, 300, and 1000 h) and exposure temperature (550 and 650
°C). Data normalized wt%.
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the thickest interaction layer, while 316L and 410 had the
thinnest interaction layer. Similarly, Fig. 9 displays the
change in the interaction layer at 650 °C of all four
alloys as a function of time. The interaction layer for
F22 was the thinnest, while 316L and 410 grew a thicker
interaction layer.

3.2. EDX results: composition of the interaction layer

For all materials, the interaction layer composition
was determined by using EDX in the SEM instrument.
The distinct compositional data for each layer (as
marked by a number) is provided in a table located at
the bottom of Figs. 4-7. Some general conclusions for
each alloy are:

550°C Experiment

100 hours

300 hours

E.P. Loewen et al. | Journal of Nuclear Materials 321 (2003) 269-280

Fig. 4 (HT-9): At 550 °C the interaction layer
above the substrates are composed of Fe and Cr
with some inclusions of Pb and Bi, however, at 650
°C, the inclusions of Pb-Bi in the Fe-Cr increases
by a factor of 10. The presence of a ZrO, layer is de-
tected.

Fig. 5 (410): At 550 °C the interaction layer starts as
separated pits along the surface that finally (later
time steps) coalesce together. The upper portion of
the pit has more inclusions of Pb and Bi. At 650
°C, the pitting grows until the entire surface is cov-
ered with three distinct interaction layers. The first
layer (starting from the 410 substrate) is Cr enriched
(24 wt% as compared to 13 wt% in the alloy), the next
layer is Cr depleted with Bi and Pb inclusions, and

650°C Experiment

Layer | Temp | Time | Fe Cr | Ni | Al 0] Si Pb Bi Zr | Sr | Hf | Mo
1 550°C | 100 1.8 | 0.56 0.5 43.6 | 53.5

2 550°C | 300 | 64.9 | 7.6 1.0 | 1.3 | 24.4* | 0.84

3 550°C | 1000 | 46.6 | 183 | 74 | 1.7 10.2 | 15.7

4 650°C | 100 | 822 | 8.1 335 1.5 4.7 | 0.19

5 650°C | 300 10.7 1.4 1.4 20.1% | 017 [ 11.5 | 227 | 24.0 [ 0.17 | 8.2

6 650°C | 1000 | 63 | 0.5 1.2 | 19.8* 163 | 16.7 | 30.3 8.8

7 650°C | 1000 | 61.0 | 333 | 1.4 | 0.3 0.24 3:7

* An oxygen peak was measured at this location, the values are estimated based on stoichiometry.

Fig. 6. Micrographs of 316L cross-sections as a function of exposure time (100, 300, and 1000 h) and exposure temperature (550 and

650 °C). Data normalized wt%.
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550°C Experiment

100 hours

277

650°C Experiment

03-GA50094-04d

Layer | Temp | Time | Fe | Cr [ Pb | Bi Al [8) Sr | Si | Zr | Mn | Mo | Hf
1 550°C | 100 [ 725105 | 26 | 2.1 |0.19 [ 21.8* | 0.33

2 550°C | 100 [ 663 |36 58 | 1.7 | 0.29 [ 22.0* 0.3

3 550°C | 100 [32.0 | 11| 44 | 23 [256 ]| 34.0 0.6

-+ 550°C | 300 | 73.0[1.6] 20 | 02 |027|223%] 044

5 550°C | 1000 | 76.5 1.3 22.2% 0.10

6 550°C | 1000 | 73.5 | 2.7 | 0.1 22.8* 0.1 0.16 | 0.64

7 650°C | 100 | 957 (28] 16

8 650°C | 300 [ 88338 33 | 1.5 |0.97 22

9 650°C | 1000 | 36.7 | 1.4 | 18.7 | 134 | 1.41 0.70 21.6 6.0
10| 650°C | 1000 | 97.5 | 1.5 0.35 0.03 0.64

* An oxygen peak was measured at this location, the values are estimated based on stoichiometry.

the topmost layer is predominately ZrO, layer with
Pb, Bi and Fe inclusions.

Fig. 6 (316L): At 550 °C, it is not until 1000 h that the
interaction layer has inclusions of Pb and there is Si
enrichment. At 650 °C, the interaction layers have a
dramatic increase of Zr with inclusions of Pb and
Bi. At 1000 h layer (7) appears to be growing into
the substrate resulting in Si depletion and Cr enrich-
ment.

Fig. 7. Micrographs of F22 cross-sections as a function of exposure time (100, 300, and 1000 h) and exposure temperature (550 and
650 °C). Data normalized wt%.

Fig. 7 (F22): At 550 °C, distinct layers are visible con-
taining inclusions of Pb and Bi. The EDX detected a
strong O, peak for all the layers indicating oxidation
of the metal surface. At 650 °C, the ZrO, layer is pre-
sent, which seems to inhibit the oxidation of the sub-
strate surface and the inclusions of Pb and Bi.

Overall, at 550 °C, the interaction layers produced were
as expected — increasing in thickness and inclusions with
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Fig. 9. Interaction layer growth as a function of time at an exposure temperature of 650 °C.

time. At 650 °C, the presence of ZrO, as the top inter-
action layer complicated the formation of the interaction
layer and this mitigated the growth on the F22. Oxygen
detection in the interaction layer is difficult with the
SEM where a strong peak in the spectrum was observed
we reported the calculated stoichiometric amount.

3.3. Coolant chemistry

LBE samples were extracted at each time step for ICP
analysis to quantify the elemental concentration of Fe,
Cr, Ni, and Zr present in the LBE. The Zr appeared as a
result of spalling-off of the ZrO, layer formed in the
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Table 2
Calculated versus measured solubility at 550 and 650 °C
Element Cal 550 °C*  Cal 650 °C*  Mass 550 Mass 650 % of dis- % of dis- ICP 550 °Cd ICP 650 °C4
°Cb °C solved 550 solved 650 (average) (average)
OCC OCC
Fe 4.89 18.42 0.12 0.45 0.05 0.20 66.41 166.39
Cr 16.22 32.37 0.40 0.79 1.3 2.6 8.20 14.71
Ni 32000 41400 784 1014 14500 19900 51.4 32
Zr 198 518 4.9 13 3.0 7.9 116.1 1576
#Solubility limit of each material in ppm.
®Mass of each material in grams required to reach the solubility limit.
¢ Percentage of the material in the cell required to dissolve in order to reach the solubility limit.
d Average amount of material in solution as measured by ICP (ppm).
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Fig. 10. Comparison of corrosion rates of 316L and HT-9 measured in a non-isothermal loop, to the interaction layer growth in an

isothermal test cell.

beginning of the experiment. The results of ICP analysis
are provided in Table 2 along with the calculated solu-
bility levels. The first two columns are the theoretical
solubility of the elements in the LBE. The next two
columns are the mass of each element inserted into the
system, and the following two columns are the percent
of each element that dissolved into the system. The last
two columns are the averaged amounts of each material
in solution, as measured by ICP. Fig. 3 shows the con-
centration of each element in the LBE compared to their
theoretical solubility limits. At 550 °C, nickel has the
highest solubility in LBE (5000 wppm at 2 wt%), fol-
lowed by Cr and Fe (~500 wppm at 0.2 wt% and ~2.5
wppm at 1073 wt%, respectively).

In a non-isothermal system, transport of material in
solution from a higher temperature region to a lower
temperature region will result in precipitation of dis-
solved metallic contaminants in the cooler regions of the
system — mass transfer corrosion. The experiments re-

ported in this paper were conducted in an isothermal
loop resulting in a saturated amount of metals in the
LBE, which reduces the mass transfer and therefore does
not exactly correspond to a LBE cooling system. Fig. 10
provides a comparison of our data (isothermal) to the
Los Alamos corrosion data obtained at the flowing LBE
loop facility at Obninsk, Russia [17].

4. Discussion

The pre-oxidized zirconium corrosion cells resulted in
gas phase chemistry that affected LBE corrosion in the
loop. The Zr appeared in LBE as a result of spalling-off
of the protective ZrO, layer formed in the beginning of
the experiment. The gas phase measurement data
showed complete removal (below the instrument detec-
tion level) of oxygen and a reduction in nitrogen con-
centration. The inert argon gas used to induce LBE flow
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in the cell contained trace amounts of N,, 100-200
vppm; O,, 70-100 vppm; and H,, 1-10 vppm. In the
550 °C experiment, the pre-formed ZrO, layer inside
the corrosion cell suffer less degradation, as evidenced of
the Zr concentration in the LBE being 37% below the
saturation level. However, in the higher temperature
experiment, the ZrO, layer was sloughing off into the
bath, resulting in excess ZrO, (above the saturation
point) of 295%, calculated by Eq. (5). This resulted in
thermodynamically favorable reactions of Zr with O,
and N,, shown in Fig. 2 to be more prevalent due to
kinetics (higher temperature) and mass transfer (expos-
ing fresh Zr as the oxide layer sloughed off). Thus, the
zirconia in the LBE prevented the growth of the inter-
action layer (magnetite layer) by forming a layer of
zirconium compounds (we suspect both oxide and nit-
rides of zirconium) on the surface. Similar behavior has
been previously confirmed in bismuth [18].

5. Conclusions

The behavior of F22, HT-9, 316, and 410 iron alloys in
LBE has been studied in an isothermal zirconium piping
loop system over the temperature range of 550-650 °C at
a fluid velocity of 0.4 m/s. The zirconium in LBE inhibited
the growth of the interaction layer by consuming oxygen
and nitrogen in the system, thus changing the solubility of
the elements in the LBE. At higher temperatures, a layer
of zirconium compounds (oxides and nitrides) prevented
the alloys from dissolving into the LBE. However, this
layer did not seem to be tightly adhered and is liable to
spall off. No detailed conclusion can be drawn concerning
the influence of carbon on oxygen potential when zirco-
nium is present. Future experiments will be replicated in
an iron-based alloy corrosion cell.
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