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Executive Summary 

This final report covers the period of technical work performed under contract 

DE-FC07-051D14667, entitled “Real Time Corrosion Monitoring in Lead and Lead-

Bismuth Systems.” 

The objective of this research program is to develop a real-time, in situ corrosion 

monitoring technique for flowing liquid Pb and eutectic PbBi (LBE) systems in a 

temperature range of 400 to 650°C.  These conditions are relevant to future liquid metal 

cooled fast reactor operating parameters.  This program was aligned with the Gen IV 

Reactor initiative to develop technologies to support the design and operation of a Pb or 

LBE-cooled fast reactor.  The ability to monitor corrosion for protection of structural 

components is a high priority issue for the safe and prolonged operation of advanced 

liquid metal fast reactor systems.  In those systems, protective oxide layers are 

intentionally formed and maintained to limit corrosion rates during operation.  This 

program developed a real time, in situ corrosion monitoring technique using impedance 

spectroscopy (IS) technology.  At the start of this research program, the electrical 

impedance responses of protective oxide layers on steels in a molten lead-alloy 

environment could not be measured, except at low temperatures, only at free surfaces, 

and with special preparation of the steel.  This research program addressed and solved 

many of the experimental problems, resulting in an IS probe that can measure impedance 

up to 600°C (at minimum), when fully immersed, and on natively grown oxide scales.  

The probe was used to map out the general trends of important variables—confirming 

some predictions (e.g., the effects of oxidizing and reducing environments), challenging 

other predictions (e.g., a lack of a clear, parabolic dependence of impedance upon time), 

and revealing unexpected surprises (e.g., a reduction in impedance with DC bias).  Many 

other important scientific results were also discovered.  The IS technique is now ready for 

further development and testing in flowing LBE loops as an in situ diagnostic of the 

status of protective oxides. 
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1. Introduction 

This report describes the efforts and results of the research pertaining to the DOE-NE U-

NERI grant, number DE-FC07-051D14667, entitled, “Real Time Corrosion Monitoring 

in Lead and Lead-Bismuth Systems.”  The work was conducted at two locations—the 

University of Illinois at Urbana-Champaign (UIUC) and the Los Alamos National 

Laboratory (LANL)—with one graduate student being located on site at LANL from 

January 2007 through September 2009.  LANL graciously contributed laboratory space, 

equipment, and some funding to facilitate the work there. 

The research has been adequately described in three works:  (1) a paper for the Eighth 

International Workshop on Spallation Material Technologies (IWSMT-8), published in 

the Journal of Nuclear Materials (JNM, Vol. 377, pp. 243-252); (2) a paper for 

IWSMT-9, also published in JNM (Article in Press); and (3) the Ph.D. dissertation of 

Alan Bolind, soon to be available through the library of the University of Illinois.  The 

articles in the Journal of Nuclear Materials are available online at 

www.sciencedirect.com.  The Ph.D. dissertation is or will soon be available at 

http://proquest.umi.com.  This report will summarize the findings presented in these 

works and will highlight particular findings as they regard either the proposed work or 

any practical application of the technology.  The reader is referred to the original three 

works for further details. 
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2. Recapitulation of Proposed Work 

The proposal for this work presented a review of corrosion issues in lead and LBE 

systems and concluded upon two major areas of research that still remained to be 

conducted:  (1) to know and control the oxygen potential at critical locations in the 

system and (2) to understand materials’ basic corrosion mechanisms so that they can be 

exploited to support the formation of protective oxide films.  This research program 

aimed to satisfy, at least in part, these research needs by a three-fold approach: 

1. Develop advanced corrosion-monitoring technology, based on impedance 

spectroscopy (IS) methods, to make real-time measurements of oxide film 

formation so that the oxide type, structure, and thickness can be quantified. 

2. Use standard and advanced corrosion monitoring techniques to study the 

thermodynamics and kinetics of oxide scale formation on selected alloys of 

interest, including systems with surface treatments such as pre-oxidation, 

coatings, ion implantations, and minor surface alloying additions) 

3. Apply this understanding to the development of new alloy compositions or 

surface treatment techniques to provide corrosion-resistant materials for LBE or 

lead applications. 

A central part of this research program was to further develop the novel use of impedance 

spectroscopy (IS) for characterizing and monitoring corrosion in liquid metal systems.  

This technique, which had been applied in aqueous corrosion systems for several 

decades, had shown promise for the characterization of corrosion and corrosion processes 

in liquid metal systems.  At the time of the proposal, the way to apply this IS technique 

was envisioned as fabricating a ceramic probe with a steel tip, inserting it into the liquid 

LBE, and allowing it to corrode (that is, to form an oxide layer). The steel tip would be 

wired through the probe to connect with impedance measuring equipment, and a second 

working or reference probe would also be inserted into the LBE to complete the electrical 

circuit.  Then, alternating currents from a spectrum of frequencies would be passed 

through the oxide layers on the steel tip(s), and the impedance of the layers would be 
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measured. The difference between the impedances measured from the steel with and 

without the oxide layers would indicate the existence of the oxide layers in the first case, 

and the magnitude and/or type of difference would yield information on the thickness and 

type of oxide layers that would have been formed.  The anticipated impedance spectrum 

from a circuit that would be theoretically equivalent to a probe-LBE-probe system was 

presented in the proposal and is now shown in Figure 1.  Note that two probes, each with 

its own oxide impedance, were anticipated, that the anticipated impedance magnitude 

was very low, less than 0.1 ohm-cm2, and that the frequencies at which the reactance (due 

to the capacitance of the oxide layers) was predicted to manifest itself were above 100 

MHz (1·108 Hz).  These particular predictions would prove to be in error, and the design 

of the impedance probes and the experimental setup were adjusted accordingly. 

 

Figure 1:  The equivalent circuit and corresponding theoretical impedance response of 
oxide layers, as anticipated in the original proposal 

The technique of impedance spectroscopy was seen to have two significant advantages 

over other corrosion-monitoring techniques.  First, it would provide corrosion data in real 

time and thus could be used to follow corrosion kinetics without either a complicated 

process of periodic withdrawals and analyses of corrosion samples or the need to infer 

corrosion processes from indirect measurements. Therefore, dynamic corrosion processes 

could be monitored directly, which is not possible with other techniques since they rely 
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on cumulative processes, the results of which can only be analyzed after the corrosion 

sample is removed from the corroding environment.  Second, the probe could be made of 

the exact metal or alloy of interest, meaning that the early and more extended corrosion 

performance of several alloys of interest for LBE or lead systems could be systematically 

studied using IS.  The corrosion probe tips could subsequently be examined directly using 

standard microanalysis methods, such as scanning electron microscopy, for example.  

The coupling of IS—which would provide real-time analysis of the kinetics and 

thermodynamics of oxide formation—with more standard, direct techniques—which 

would provide analysis of corrosion scale composition, morphology, and substrate 

microchemistry—would lead to a unique and valuable synergy. 

A three-part research plan was formulated to accomplish these three major research 

goals: 

First, the technique of IS needed to be developed for lead and LBE systems—

specifically, scanning at higher frequencies than had previously been done and 

correlating the impedance responses with specific oxide film characteristics.  (The 

perceived need to scan at higher frequencies can also be seen by considering Figure 1.)   

Second, IS would be used to measure the thermodynamics and kinetics of oxide scale 

formation in lead and LBE systems, primarily by monitoring the impedance over time 

and correlating any changes in it with changes in oxide morphology, microstructure, 

composition, and/or thickness.   

Third, IS would be used to investigate improved alloy compositions and surface 

treatments for corrosion resistance.  The program would examine the most promising 

surface corrosion resistance techniques (e.g., pre-oxidation, coatings or surface 

impregnation, ion implantation, and minor alloying additions such as Si, Al, Ti or Y). 

The anticipated outcomes of this research program were to provide two critically needed 

elements to the development of lead and LBE systems: (1) a compact technique (namely, 

IS) for monitoring corrosion in real-time in lead and LBE systems, and (2) a means for 

efficiently measuring thermodynamics and kinetics of corrosion in those systems. These 
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elements could, in turn, be used for alloy and surface-treatment performance screening.  

The progress Gantt chart, including both the proposed schedule and the actual results, is 

presented in Figure 2. 
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Task Description Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13 Q14 Q15 Q16 Q17

1 IS Development                  

1.1 Corrosion System                    
1.2 Ultra High Frequency                    
1.3 Probe Development                      
1.4 Probe Conditioning                      
1.5 Probe Material Variations                       
1.6 IS Development                         
                   

2 Corrosion Monitoring                  

2.1 Frequency Response Analysis                      
2.2 Response 316L/D9                      
2.3 Response Advanced Ferritics                       
2.4 Response ODS Alloys                       
2.5 Corrosion Kinetics                            
2.6 Corrosion Dynamics                           
                   

3 Alloy/Coating Development                 

3.1 New Alloy Corrosion Response                         
3.2 Coating Corrosion Response                         
3.3 Surface Treatment Response                         
                   

4 Reporting/Coordination                 

4.1 Coordination with DELTA Loop                              
4.2 Quarterly                              
4.3 Annual                    
4.4 Final                  
                   
 

Figure 2:  Proposed (Colored) and Actual (Hatched) Schedule for This Research Program
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3. Summary of Results 

Not surprisingly for a novel research program, the actual progress did not proceed exactly 

as planned, as can be seen in Figure 2.  Nevertheless, the three broad categories of (1) IS 

development, (2) corrosion monitoring, and (3) alloy and coating development were and 

remain a useful framework through which to describe the results.  The chronological and 

intellectual progression of this research more or less followed the sequential order of 

these categories.  Therefore, the results will be summarized here accordingly. 

3.1. IS Development 

The development of a repeatable, understandable, and reliable means of making IS 

measurements on oxide layers in LBE was both the major obstacle and the major triumph 

of this research.  Due to factors to be described below, the making of IS measurements in 

LBE is significantly different from and more challenging than making IS measurements 

in aqueous systems.  The evolution of the experimental designs for IS measurements in 

LBE reflects the understanding that was gained during each stage of experimentation. 

It should be pointed out that experiments in only LBE were conducted in this research 

program, although the proposal indicated that experiments would also be conducted in 

pure lead (Pb).  From examination of the literature on oxidation in LBE and Pb—some of 

which has been particularly influential and has been published since the start of the 

research program—it is confidently expected that the results from this research program 

are equally applicable to oxidation in Pb.  Therefore, it was not considered worthwhile to 

duplicate the experiments in Pb for this research program. 

3.1.1. The First IS Probe—A Steel Rod in a Ceramic Tube 

In the first type of experiments, an IS probe was formed by pushing a stainless-steel 

welding rod down the center of a ceramic tube, until the tip of the rod protruded very 

slightly from the end of the tube.  The tip was then ground and polished to be flush with 

the tube.  This end was the corroding end that was dipped into the molten LBE.  At the 

other end, the rod protruded significantly and was where the electrical connections were 
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made to the rod.  The probe was held vertically over the LBE, using a clamp, and the 

corroding end was dipped into the LBE. 

For this type of probe, as with all the other types of probes, the electrical circuit began 

with the electronics, which put out an AC signal of a specific frequency and voltage 

amplitude, both of which could be varied.  The signal would travel from the electronics, 

through the cabling, to the probe.  The signal would go down the probe (the stainless-

steel rod, in this case), through the oxide layers on the active area of the probe (the tip, in 

this case), and into the LBE.  Then the signal would travel in the LBE to either a bare 

steel rod (acting as a counter electrode) or to the stainless-steel container of the LBE.  

Finally, the signal would travel up the counter electrode or the container, to cabling 

attached to it, and then back to the electronics.  A schematic of this electrical circuit is 

shown in Figure 3. 

Electronics

Steel Probe

Oxide Layers

Liquid LBE

Steel Counter 
Electrode or 
Container

Electronics

Steel Probe

Oxide Layers

Liquid LBE

Steel Counter 
Electrode or 
Container

Steel Probe

Oxide Layers

Liquid LBE

Steel Counter 
Electrode or 
Container

 

Figure 3:  A rough schematic of the electrical circuit in IS measurements 

Note in Figure 3 that no oxide layers on the counter electrode or container are included in 

the circuit.  Experimentally, it was found (1) that bare steel had less than one ohm of 

impedance and was essentially a short circuit and (2) that large areas of steel behaved 

electrically like bare steel, even when they were covered in some oxide.  The reason for 

the shorting out of the large areas is that the oxide layers are very sensitive to short-

circuit paths, as will be described further below, and a large area of oxide-covered steel 

was certain to have some short-circuit path somewhere through its oxide.  Therefore, 

good IS probes should have a small area so as to minimize the probability that a short-

circuit path will be present. 
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This first type of probe did not ever yield a significant impedance response.  Most likely, 

the problem was that the seal between the stainless-steel rod and the ceramic tube was 

leaky, allowing LBE to seep up the annular crack between the rod and the tube and short 

out the oxide layers on the tip.  This problem of sealing will be discussed further below. 

3.1.2. The Second IS Probe—A Partially Dipped Steel Strip 

To deal with this problem of sealing, R. Scott Lillard’s strip style of IS probe was 

adopted for the second suite of experiments (Corrosion, Vol. 60, pp. 1134-1143).   With 

this type of probe, a small strip of the steel to be investigated was polished and then 

oxidized in a tube furnace at high temperature (usually between 600°C and 800°C) for 

one or more days.  Then, one end of the strip was sanded clean, and a wire was spot 

welded onto this end.  The strip was then lowered partway into the molten LBE, being 

suspended from above by the wire.  The strip was not dipped so far that the LBE would 

contact the bare spot for the wire, which would have shorted out the oxide on the strip.  In 

this way, the LBE could contact only oxide-covered steel, and short circuits could be 

avoided better than in the first type of impedance probe. 

This strip style of IS probe yielded the first meaningful impedance results of this research 

program.  As mentioned, Lillard et al. pioneered the technique and obtained the first 

results.  From their starting point, this research program investigated other effects, such 

as the duration of immersion and the sensitivities to mechanical damage and to changes 

in immersed area.  This work was published in the IWSMT-8 paper in the Journal of 

Nuclear Materials (Vol. 377, pp. 243-252), and the reader is referred to it for the 

experimental details.  Nevertheless, four observations from these strip-style experiments 

were particularly meaningful and will be described here. 

The first observation from the strip type of experiments was that the magnitude of the 

impedance is much greater than was initially predicted in the proposal.  In fact, the 

magnitude is two to six orders greater than the magnitude of the impedance measured on 

bulk oxides of similar composition.  (See the IWSMT-8 paper and the dissertation.)  The 

reason for this increased impedance magnitude is unclear, but it may have to do with the 

thinness of the oxides and/or with interfacial resistances between the oxide and the LBE 
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or the substrate steel, similar to metal-semiconductor Schottky barriers.  This greater-

than-expected impedance led directly to the ability to measure the impedance spectrum at 

lower frequencies than the 100 MHz to GHz frequencies that had been expected from the 

proposal.  Indeed, measurements made up to 13 MHz seemed to sufficiently describe the 

impedance responses. 

The second observation was that the impedance is indeed sensitive to short-circuit paths, 

including those caused by mechanical damage to the oxide layers.  In several 

experiments, an oxidized, strip-type probe was tested in LBE and known to have a 

significant (i.e., not short-circuit) impedance response.  Then, the probe was removed 

from the LBE, cleaned of residual LBE, indented using a Vickers micro-hardness 

indenter machine, and immersed again in the LBE.  The impedance response was usually 

negligible initially; then it grew back to significant levels after a period of time.  The 

indentation, however, remained even after the second immersion; it was clearly visible in 

the microscope.  Therefore, it was concluded that whatever damage had caused the short-

circuit response must have been on a length scale smaller than micrometers, since the 

micrometer-sized indentations were still visible. 

The third observation was that increasing the amount of the strip that was immersed (i.e., 

dipping it farther into the LBE) did significantly decrease the impedance response.  This 

decrease was expected for several reasons, including the simple fact that increased 

immersion area simultaneously led to increased area for electrical conduction.  The 

sensitivity of the experiments to this immersed area meant that a new type of probe 

needed to be developed which would have a well-defined active area and which could be 

fully immersed in the LBE at all times.  Indeed, the strip-type probe was inherently 

limited to application on free surfaces of LBE, making it impractical for deployment in 

LBE coolant systems. 

The fourth observation was that no significant impedance measurements could be made 

at temperatures much greater than 300°C.  Above this temperature, only a short-circuit 

response was obtained.  This null result was not published in the IWSMT-8 paper but has 

been described in the dissertation.  After further information was obtained from 
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experiments using improved rod-style probes and disk-style probes (to be described 

below), it became evident that the most likely reason for this temperature limitation was 

that the steel expanded thermally at a different rate than did the oxide layers, leading to 

localized rupture of the oxide, penetration of the LBE to the steel substrate, and 

corresponding short-circuiting of the oxide.  In addition to the lack of impedance 

response at elevated temperatures, the rapid formation of oxide slag on the free surface of 

the LBE when exposed to air at such temperatures also limited the open-air, strip style of 

experimentation to lower temperatures. 

3.1.3. Electrical Seals for Preventing Short Circuits 

The second and third observations from the strip type of experiments—namely, that the 

impedance response is sensitive to nano-scale short circuits and to changes in immersed 

area—require further explanation and consideration.  Possible solutions for preventing 

short-circuiting in fully immersed probes can be divided into two categories:  

macroscopic seals and microscopic seals.  The term seal here refers to the joining of the 

oxidized active area with electrically insulating and non-reactive material.  This 

insulating material effectively defines the active area and forces the electrical 

measurement signal to pass through the active area on the probe and nowhere else.  The 

joint between the insulation and the active area must be sealed in some way to prevent 

liquid LBE from penetrating between the oxide and the insulation and thereby contacting 

the underlying steel and causing an electrical short circuit. A macroscopic seal, then, is a 

mechanical seal between macroscopically sized parts; a microscopic seal is a seal made 

by some sort of chemical or thermally induced bonding. 

Both macroscopic and microscopic seals focus on the goal of establishing a robust 

electrical circuit by sealing against short circuits, but an additional requirement for any 

experimental setup is a physical seal that prevents molten LBE from leaking out of a 

container or piping system.  This leak-preventing seal may or may not be identical with 

the electrical seal.  If it is not identical with the electrical seal, then it should be made 

between the electrically insulating material and the container material, lest it become the 

de facto, albeit ineffective, electrical seal. 
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Macroscopic seals were considered in a paper study by Lillard and Paciotti at LANL.  

(See the dissertation for more details.)  Such seals were rejected for this research program 

because of consideration of the sub-microscopic nature of the short circuits, revealed in 

the strip-type experiments.  Instead, a microscopic seal was pursued.  Specifically, 

alumina (Al2O3) was flame-sprayed onto most of the surfaces of the IS probe’s steel to 

electrically insulate them, while masking a small area to be used as the active area. 

3.1.4. The Third IS Probe—A Rod, Flame-Sprayed with Alumina 

The third kind of IS probe was essentially a duplicate of the first type of IS probe (a rod 

in a ceramic tube) but replacing the ceramic tube with flame-sprayed alumina.  Unlike the 

ceramic tube, the alumina coating bonded to the steel, and the hope was that this tight 

bond would prevent LBE from leaking in between the oxide-covered steel tip and the 

alumina circumferential coating. 

A significant impedance response was obtained with this third kind of probe at lower 

temperatures (less than 300°C), proving that the flame-sprayed alumina was superior to 

the ceramic tube.  At higher temperatures, however, the impedance was suddenly lost, in 

a manner similar to that observed when heating strip-type probes up to higher 

temperatures.  The same consideration as in the case of strip-type probes was applied to 

explain this loss of impedance:  The thermal expansion of the steel rod ruptured the oxide 

layer.  Thermal cycling of the experiment ensured that such ruptures would not heal shut.  

Therefore, this third kind of probe was abandoned in favor of the fourth kind. 

3.1.5. The Fourth IS Probe—A Disk, Flame-Sprayed with Alumina 

The fourth and final style of IS probe that was tested in this research program was a 410 

stainless-steel disk, completely coated with alumina except for two small areas on the 

back side, for electrical connections, and one small area on the front side, acting as the 

active area to be exposed to the LBE.  This active area was a circle of 0.25-inch diameter.  

This disk was then pushed onto the mostly closed bottom of a stainless steel cylinder; the 

bottom had a 0.375-inch-diameter hole drilled through it so as to allow the active area of 

the disk to communicate with the outside of the cylinder.  The cylinder, termed the probe 

housing, was then put into the LBE; a flange at the top of the probe housing mated with a 
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flange on the LBE container, forming a gas-tight seal with the container.  The 0.25-inch-

diameter active area was thus exposed to LBE; the active area was precisely defined by 

the alumina coating, which prevented short circuiting of the oxides on the active area; 

and the LBE was kept out of the inside of the probe housing by means of a graphite 

gasket placed between the alumina-coated disk and the bottom of the housing.  See 

Figure 4 for pictures of the IS probe and Figure 5 for a picture and a schematic of the 

experimental setup at LANL, where the experiments on the disk-type samples were 

conducted. 

 

Figure 4:  Pictures of the disk-type of impedance probe—(a) the top sides of the disk-type 
samples, with their electrical connections, (b) the disk-probe housing, (c) the bottom end 
of the housing, with a sample mounted in it.  In (c), the white part is the alumina coating 

on the sample, and the small dark circle is the steel active area. 

This fourth, disk type of IS probe was superior to the other types of probes, because it 

could be fully immersed and could give significant impedance responses up to 600°C, the 

limit of experimental testing in this research program.  Presumably, the reason for the 

ability to operate reliably up to high temperatures was that the alumina coating and the 

oxide-covered active area were both in the same geometric plane.  Thus, when the 

(a) (b) (c) 
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substrate steel expanded thermally, the alumina coating and the active area moved along 

with the steel, avoiding any excessive stresses and ruptures. 

 

Figure 5:  (a) the experimental setup at LANL, where all the tests with the disk type of IS 
probe were conducted; (b) a schematic of this setup 

Due to the superior performance of the disk type of probe, this type was used for the bulk 

of the experiments on the effects of variables, such as temperature, DC bias, and 

hydrogen and oxygen gases.  These effects will be summarized in the next major section, 

“Corrosion Monitoring.”  This work plus further details of the disk type have been 

described thoroughly in the dissertation, to which the reader is referred. 

3.1.6. Grounded Versus Ungrounded (Floating) IS Measurements 

An important practical consideration that manifested itself during this research program 

was the electrical grounding of the experiment or lack thereof.  Many impedance 

measurement instruments require that the device under test (in this case, the oxide-

covered steel in LBE) be electrically floating.  This requirement usually conflicts with the 

need to ground the LBE container for safety reasons, since the container often is in 

contact with electric resistance heaters, which can fail and electrically energize the 

container.  At UIUC, a ceramic liner was put into the stainless steel retort in order to 
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electrically float the experiment, which was possible since the geometry was simple and 

the heaters were on the outside of the retort.  At LANL, floating measurements could be 

made only by isolating the entire LBE container, which required physically unplugging 

the power supply to the resistance heaters.  Therefore, floating measurements at LANL 

could be made only sporadically and manually.  Thankfully, LANL possessed an 

HP4192A impedance analyzer, which had the capability to make grounded 

measurements, albeit with slightly worse accuracy.  In this way, grounded measurements 

could be made continuously and automatically by computer control, with floating 

measurements made occasionally to verify the accuracy of the grounded measurements. 

In a large-scale LBE-coolant system, the LBE must necessarily be grounded electrically.  

Therefore, only instruments that can make grounded measurements can be used for IS 

monitoring in such a system. 

3.2. Corrosion Monitoring 

3.2.1. Frequency Response Analysis 

Impedance spectroscopy (IS) measurements are performed over a spectrum of 

frequencies; hence, the name is spectroscopy.  For the work in this research program, the 

IS instruments used a single-sine technique, in which a signal of only one frequency was 

applied at a time.  The impedance was measured at this frequency, and then a new signal 

with a new frequency was applied, and another impedance measurement was made.  This 

process was repeated throughout the spectrum of frequencies.  The signal frequency was 

usually swept from high frequency to low frequency, but sometimes it was swept in the 

opposite direction.  A set of impedance measurements made over the entire spectrum of 

measurement frequencies was called a scan.  From each scan, an equivalent circuit could 

be fit, and an equivalent resistance and capacitance for the scan could be extracted, 

thereby summarizing the scan with only two or three values.  Usually, the impedance 

measurements were controlled by PCs, which would automatically make scan after scan, 

continuously.  In this way, the values of the equivalent resistance and capacitance from 

the scanning could be determined and plotted as a function of time. 
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With other, more expensive instrumentation, it is possible to apply multiple frequencies 

simultaneously to the device under test (oxides, in this case) and also simultaneously 

measure the responses.  These instruments are called frequency response analyzers 

(FRAs), and they could be used for IS measurements in LBE systems.  One particularly 

advantageous use for an FRA would be to investigate further the effects of DC bias and 

AC signal amplitude, described below.  In this use, the application of all the frequencies 

simultaneously would minimize the effects that one frequency would have on another, 

leading perhaps to cleaner data.  Similarly, an FRA might be useful in investigating any 

phenomenon which occurs rapidly, such as the decrease in impedance with the 

application of hydrogen (see below).  On the other hand, as the dissertation shows, the 

basic impedance responses observed in this research did not change rapidly, nor were low 

frequencies—with their lengthy measurement times—especially meaningful.  (These 

concerns do arise for IS measurements in aqueous systems, which make FRAs especially 

valuable in those cases.)  Therefore, the use of lower-cost equipment is usually justified 

for IS measurements in LBE. 

3.2.2. The impedance responses of various materials 

3.2.2.1. SS316 probes at UIUC 

The first IS experiments of this research program were conducted on SS316, strip-type 

probes at UIUC.  As mentioned, these results have been published in the IWSMT-8 paper 

in the Journal of Nuclear Materials.  Figure 6 presents some typical data from a sample, 

as it was developing a significant impedance response. 

3.2.2.2. SS410 probes at LANL 

The alumina-coated rod and disk types of experiments were conducted on stainless-steel-

410 probes at LANL.  These results have been described at length in the dissertation, and 

major findings are summarized in the other sections of this report.  Figure 7 shows 

complex plane plots of disk-type sample #D11, which grew a natively-grown oxide.  As 

with the Figure 6, Figure 7 shows the suddenness with which a significant impedance 

response can develop, making parabolic interpretations difficult.  (See Section 3.2.3.1.) 
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Figure 6:  Complex-plane plots (left) and Bode magnitude plots (right) of the impedance 
of a SS316, strip-type sample.  Curves represent impedance spectra at various durations 

of sample immersion and are denoted by Greek letters. 

 

Figure 7:  Complex-plane plots of disk-type sample #D11, as it was developing a 
significant impedance response. 
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3.2.2.3. FeCrAl probes at UIUC 

The alumina-coated rod and disk types of probes were developed and tested at LANL, 

such that work using the strip type of experiments could simultaneously continue at 

UIUC.  Strip-type stainless steel 316 (SS316) and FeCrAl alloy samples were tested in 

oxygen-saturated LBE at 550°C for up to 3500 hours.  Figures 8 and 9 show the cross-

section SEM picture and EDS linescan taken from SS316 and FeCrAl samples 

respectively.  The microanalysis results of SS316 reveal that oxide layers could form on 

the sample surface at the test condition, although they suffered corrosion attack from the 

LBE.  Sometimes the oxide layers spalled off the steel surface and exposed the bare steel 

surface directly to the LBE.  Otherwise, the intact oxide layers resemble a duplex oxide 

structure, composed of outer iron oxide and inner iron-chromium oxide.  The major 

phases of the duplex oxide scales were Fe3O4 and FeCr2O4.  More detailed results about 

the corrosion behavior of SS316 in LBE can be found in the IWSMT-9 paper to be 

published in the Journal of Nuclear Materials. 

In contrast, a continuous thin protective oxide layer could form on the FeCrAl sample 

surface.  XRD and EDS linescan indicate that the oxide layer is mainly Al2O3.  Because 

of the protective Al2O3 layer, FeCrAl did not suffer corrosion damage from LBE during 

the test for up to 3500 hours. 

Figure 10 (a)-(d) illustrates the IS data taken from the same sample as in Figure 9.  

Unlike the SS316 samples, the FeCrAl strip-type samples did develop limited impedance 

responses after hundreds to thousands of hours after immersion.  Presumably, the 

strongly oxidizing aluminum in the steel was able to induce a sufficiently homogenous 

and robust oxide layer even at high temperature.  As shown in Figure 10 (a), the low-

frequency real impedance of the FeCrAl sample increased approximately according to a 

power law relationship with respect to time.  To a first approximation, the increasing 

impedance resulted from the growth of the oxide layer on FeCrAl.  In future work, a 

detailed analysis of the impedance-time relationship should be conducted, to understand 

the oxide growth kinetics of FeCrAl alloy in LBE.   
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Figure 8:  SEM and EDS linescan from cross-section of SS316 strip sample.  The SS316 
had been immersed in oxygen-saturated LBE at 550°C for 1335 hours. 

 

Figure 9:  SEM and EDS linescan from cross-section of FeCrAl strip sample.  The 
FeCrAl alloy had been immersed in oxygen-saturated LBE at 550°C for 3500 hours. 

O K 

Al K 

Cr K 

Fe K 

Pb M

Bi M



Real Time Corrosion Monitoring in Lead and Lead-Bismuth Systems 

 

Nuclear, Plasma, & Radiological Engineering at the University of Illinois Page 23 

The apparent impedance fluctuations in Figure 10 (a) may have been due to the large 

exposure area inherent with strip-type sample.  As discussed before, any short-circuit 

path would dominate the impedance response, and the large exposure area of the strip-

type sample is more vulnerable to short-circuit paths.  Figure 10 (b)-(d) illustrate the 

Bode and Nyquist plots at specific times as marked by the arrows in Figure 10 (a).  The 

similar impedance response (i.e., shape) from these curves implies that there was no 

structural change of oxide formed on the FeCrAl sample surface.  Since Al2O3 was found 

at the end of the 3500-hour experiment cycle, it is suggested that Al2O3 was the only 

oxide formed on the FeCrAl sample surface during the whole experiment process.   

 

 

Figure 10, Parts (a) and (b).  Parts (c) and (d) are below. 

a

b
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Figure 10: Low frequency real impedance of the FeCrAl strip-type sample is shown in 
Part (a).  Parts (b)-(d) show the Bode and Nyquist plots at the specific times marked by 

the arrows in (a). 

3.2.3. The Effects of Variables upon the Impedance Response 

The development of the robust disk style of IS probe made possible the exploration of the 

effects of several variables upon the impedance response.  As mentioned in the previous 

section, only SS410 was used for the disk style of probes, and so the data regarding the 

effects of variables are technically applicable only to this material.  However, it is 

believed that the principles involved in these effects are general to ferritic-martensitic 

steels (which form a duplex oxide scale), at minimum, if not also to austenitic steels 

(which form a single oxide scale).  (Regarding the applicability of these results to single-

layer oxides, please see the discussion in the dissertation regarding probe D06.) 

c

d 
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3.2.3.1. Time 

It is a widely held theory that the growth of oxides on stainless steels in LBE more or less 

follows a parabolic relationship with time, in accordance with Wagner’s theory of 

oxidation.  This theory is supported by experimental evidence of increasing oxide 

thickness over time.  (See the dissertation for references.)  Lillard et al. extended this 

parabolic theory to apply to increasing electrical impedance over time, also in accordance 

with Wagner’s theory.  (See his paper in Corrosion).  The results from this research 

program show, in contrast, that application of a parabolic law to IS results is tenuous.  

Instead, other factors, not always controllable nor fully understood, usually dominate the 

IS response, meaning that a simple plot of impedance against time often cannot be fit 

with a parabolic curve.  Moreover, even when the data support such a parabolic fit, it is 

not certain that the cause of the parabolic increase has been a corresponding parabolic 

increase of the uniform thickness of the oxide; it may have been due to other causes such 

as chemical changes in the oxide or the closing off of low-impedance pathways through 

the oxide.   

Therefore, at its current stage of development, the IS technique in LBE cannot be used to 

evaluate the thickness of the oxide scales.  More simply, it can be used to demonstrate the 

presence of an oxide scale (of whatever thickness, as long as it is at least, say, 1 m), 

since a significant impedance response cannot be caused by bare steel.  However, if no 

significant response is observed, it does not necessarily imply the absence of an oxide 

scale, since a short-circuit path may exist that dominates the impedance response.  Thus, 

the probability of IS giving a false positive of the existence of an oxide scale is low, but 

the probability of IS giving a false negative is moderate to high. 

3.2.3.2. Temperature 

The effect of temperature was the most clear and best understood of the variables’ 

effects.  The capacitance of the oxide layers was mostly insensitive to temperature.  The 

electrical conductivity (and resistance), on the other hand, had an Arrhenius dependence 

upon temperature; i.e., conductivity decreased exponentially with inverse absolute 

temperature.  Such a dependence is in keeping with a model of electron hopping for 
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electrical conductivity in oxides.  The corresponding activation energies were similar to 

published values on similar materials.  The absolute values of the measured 

conductivities varied widely, usually being one or more orders of magnitude less than 

literature values, as mentioned previously.  Figure 11, which is Figure 60 in the 

dissertation, presents some typical conductivity data as they depend upon temperature 

and includes a representative line from literature data, for comparison. 
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Figure 11:  Calculated DC Conductivity of Sample D10 During Temperature Changes 
(Final Undamaged Spinel Thickness ≈ 12 μm), Including a Curve Representing Data for 

“x = 2” from the paper by B. Gillot, F. Jemmali, M. Laarj, F. Chassagneux, and A. 
Rousset, Journal of Materials Science, Vol. 23, pp. 872-878 (1988). 

3.2.3.3. DC Bias 

A surprising result from this research was that the resistance of the oxide scale depended 

upon DC bias, which was superimposed upon the AC impedance-measuring signal.  

Indeed, DC bias would usually reduce the resistance dramatically, sometimes over 90 %.  

The following observations were made: 

 The DC bias lowers the resistance significantly, excepting when the resistance 
peak is shifted; see the next bullet.  The maximum drop in resistance is anywhere 
from 25 % to over 99.9 %, depending on the original magnitude of the resistance. 
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 The maximum resistance is usually at zero bias, but sometimes it shifts slightly, 
positively or negatively. 

 Hysteresis is often observed when sweeping the DC bias circularly about zero 
volts.  This hysteresis often also causes the resistance not to return to its initial 
value after completion of the sweep, and it can even cause two resistance peaks to 
appear instead of just one. 

 Some DC bias sweeps are relatively symmetrical about their peaks, while others 
are sharp on one side and plateaued on the other side. 

 For those sweeps which are asymmetrical, the positive side of the DC bias peak is 
almost always more sharply sloped than the negative side of the peak.  This 
graphical feature translates into the physical phenomenon of rectification of AC 
signals:  it is easier for current to flow when the oxide layers are positively biased 
in the “high” to “low” direction (from the steel, through the oxide, to the LBE) 
than in the opposite direction.  This direction of the so-called “forward” bias is the 
same as the forward bias direction for Schottky barriers on p-type 
semiconductors—positively biased from semiconductor to metal.  This 
comparison is assuming that the Schottky barrier for protective oxide layers in 
LBE is between the oxide and the LBE.  However, in the book High Temperature 
Corrosion, Per Kofstad indicates that magnetite is an n-type semiconductor; so if 
the Fe-Cr spinel is similar to magnetite in this regard, then the observed forward 
bias direction is opposite to that expected from a n-type Schottky barrier.  
Alternatively, the Schottky barrier in the LBE case could be between the substrate 
steel and the Fe-Cr spinel, in which case the direction would be correct for n-type 
Fe-Cr spinel. 

 The DC bias effects are present at all temperatures between 200°C and 550°C for 
normal disks. 

 The DC bias effects are present regardless of the initial resistance, whether from 
tens of ohms all the way up to megaohms. 

Although the causes for this DC bias effect are not known at this time, the existence of 

this effect opens up the possibility of obtaining even more useful information from IS 

measurements than was previously expected. 

3.2.3.4. AC Signal Amplitude 

It was verified in this research that, for middle to high frequencies, the amplitude of the 

AC signal usually does not greatly influence the impedance that is measured, at least up 

to 1.1 V.  At low frequencies, it appears that the same processes that produce the DC bias 

effect also begin to have a similar influence on the AC impedance.  Therefore, at these 
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frequencies, the AC signal amplitude does matter, just as the magnitude of a DC bias 

matters.  At these frequencies, an increased AC signal amplitude lowers the impedance. 

3.2.3.5. Hydrogen and Oxygen 

This research verified that the presence of hydrogen or oxygen gas in the LBE 

environment does affect the impedance response.  Up to now, it has been assumed that 

observed steady increases in the impedance of a probe over time have been due to 

continued oxidation of the probe while it is immersed in oxygenated LBE.  The effect of 

this oxidation might be to increase the overall thickness of the oxide layers, or it might be 

just to close off local low-impedance paths within the oxide layers.  Regardless of the 

exact mechanism, any increase in impedance over time has been attributed to oxidation. 

Rather than rely only on slow increases in impedance over time, the converse hypothesis 

was also tested:  that deoxygenating the LBE, by passing hydrogen gas through the pot, 

should lead to decreases in the impedance responses of probes over time.  The effect of 

hydrogen on these probes was striking and confirmed the hypothesis:  a reducing 

environment dramatically reduces the impedance response of a probe.  In fact, the effect 

was almost too good:  It was observed within mere minutes of introducing the gas, and it 

is difficult to imagine that appreciable de-oxygenation of the LBE could happen within 

that time span, even at the relatively high temperature of 500°C.  Certainly the effect on 

the impedance was seen well before the oxygen sensors registered the de-oxygenation of 

the LBE.  However, tests were done with 100 sccm of 6 % O2, balance Ar, to see if the 

effect was due to thermal effects of the gas flow through the pot, and the effect was seen 

only with the hydrogen gas.  The oxygen, in contrast, helped the impedance to recover 

after it was decimated by the hydrogen.  The only remaining alternative explanation for 

the effect is that hydrogen gas bubbles came into direct contact with the active steel areas 

of the disks and, therefore, reacted directly with the oxide layers rather than indirectly 

through de-oxygenation of the LBE.  Even if this alternative explanation is the true one, 

the fact remains that hydrogen gas—whether indirectly or directly—does dramatically 

affect the impedance response of protective oxide layers.  This result is encouraging in 

that it confirms the assumption that the chemistry of the environment is an important 

variable for the impedance response. 
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3.2.4. Open-Circuit Voltage 

Another surprising result from this research was that the oxide scales appear to generate 

their own voltage; that is, they have a non-zero open-circuit voltage.  At low temperatures 

(less than about 300°C), the voltages were very sensitive to external static charge; a 

plastic brush, rubbed on cardboard to accumulate static charge, would wildly affect the 

disk voltage.  At higher temperatures, the generated voltages were not affected by static 

charge.  This phenomenon is to be expected:  At low temperatures, the high resistance of 

the oxide layers prevents the disk from easily equilibrating the electric fields on it which 

have been introduced by the external static charge.  Conversely at high temperatures, the 

low resistance of the oxide allows the electric fields introduced by the external static 

charge to equilibrate by the transfer of charge to and from the disk, leaving only the 

voltage generated by the disk itself to be measured. 

Another, expected observation is that the application of a DC bias immediately prior to 

making the voltage measurement changed the voltage on the disk, in the direction of the 

sign of the bias.  This effect occurred not only at low temperatures and high resistances, 

when it would be expected that it would be difficult for the oxide layers to dissipate any 

remaining bias charge, similar to the case of static electricity.  It also occurred at high 

temperatures.  It is not surprising, however, because the DC bias effects of lowering the 

resistance persist well after the removal of the bias.  Therefore, if the DC bias effects and 

the self-generated voltages are related to the same physical or chemical phenomenon (see 

below), then it should be expected that the application of the DC bias should affect the 

self-generated voltages. 

The cause of these self-generated voltages is not known at this time.  Many more 

measurements, performed consistently and with care, would probably need to be 

performed in order to properly characterize these voltages.  At this time, it could be 

speculated that the voltages are either (1) generated by ionic conduction through the 

steel’s oxide layers, in a manner similar to what occurs when yttria-stabilized zirconia is 

used in oxygen sensors, or (2) generated by ionic conduction through built-up lead oxide 

and other oxides on the active steel surface.  One problem with the first speculation is 

that the steel’s oxide layers are not only ionic conductors; electronic conduction through 
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the oxide layers should lead to overall electrical neutrality.  A problem with the second 

speculation is that at least one probe seemed to not be completely covered in excess lead 

oxide and other oxides.  All that can be said with certainty is that (1) the voltages are real 

and do exist and (2) they cannot directly cause any rectification of AC electricity.  This 

second point is obvious from the principle of superposition of electrical voltages and 

currents; a DC bias can be superimposed upon an AC signal without affecting the AC 

signal at all.  On the other hand, the chemical and physical processes that generate the 

voltages could also be involved with the rectification that has been observed, and thus the 

voltages could be indirectly tied to the rectification.  It seems likely that this last situation 

is the case. 

3.2.5. IS Measurements on Probes That Were Not Pre-Oxidized 

An important accomplishment of this research program was the measurement of a 

significant impedance response on a probe that was not pre-oxidized, that is, not oxidized 

in high-temperature air in a tube furnace prior to being immersed in LBE.  On such a 

probe that is not pre-oxidized, any oxide that does form must come from oxygen supplied 

by the LBE; the oxidation is entirely oxidation in LBE, termed natively grown oxidation.  

The published results in the literature are all from probes that had been pre-oxidized, 

since (1) pre-oxidation quickly ensures the presence of an oxide to be measured and (2) 

only low-temperature (less than 300°C) IS experiments had been able to be performed, as 

described above.  At low temperatures, the oxidation kinetics are expected to be very 

slow, leading to excessively long waiting periods for the development of an oxide of 

sufficient thickness and homogeneity to give the probe a significant impedance response.  

It has been necessary, however, to establish that IS can measure significant impedance 

responses on natively grown oxides, as well, since such oxides are the norm in LBE 

systems.   

In this research program, one disk-type probe (denoted “D11” in the dissertation) that 

was not pre-oxidized was observed to have a significant impedance response, after it had 

natively grown an oxide in LBE at 500°C for over 60 hours.  The impedance response 

was similar to the impedance responses of pre-oxidized probes, and the post-mortem 

microanalysis revealed an oxide scale similar to the oxide scales of pre-oxidized probes.  
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Therefore, it appears that IS can, in fact, be used on natively grown oxides in LBE.  More 

work remains to be conducted in this area, since only one natively oxidized probe was 

observed to have a significant impedance response, whereas one other disk-style probe 

(D09) and many strip-style and rod-style probes—all of which were not pre-oxidized—

did not generate significant impedance responses from natively grown oxides.  

Nevertheless, the achievement of at least one success in this area gives great hope for 

expanding the applicability of the IS technique in LBE environment, and it is another 

testament to the superiority of the disk style of impedance probe, which made it possible. 

3.2.6. The Presence of Pb-Filled Nano-Channels in the Fe-Cr Spinel 

Oxide 

In the course of their research into the mechanisms of oxide formation on T91 steel in 

LBE, Martinelli et al. have postulated the presence of lead-filled nano-channels within 

the Fe-Cr spinel oxide layer and have found some evidence of them. (Corrosion Science, 

Vol. 50, pp. 2523-2536 (2008)).  These lead-filled nano-channels are presumed to be the 

fast-diffusion paths that bring oxygen from the LBE to the steel-spinel interface, to form 

the Fe-Cr spinel.  The trouble with this hypothesis is that other researchers have not yet 

found experimental evidence for these nano-channels. 

This research program has provided experimental evidence that the lead-filled nano-

channels do not exist, at least not in the form postulated by Martinelli et al.  The electrical 

resistance of an oxide layer that is compromised with metal-filled nano-channels should 

be much less than the resistance of a oxide layer that is free of liquid metal, since the 

electrical conductivity of metallic lead is much greater than the electrical conductivity of 

oxide.  Calculations show that, while only one Pb-filled nano-channel would not 

appreciably affect the oxide resistance, the combined effect of all the Pb-filled nano-

channels that are postulated would completely dominate the oxide resistance, leading to 

an effective short circuit. 

Because Martinelli’s postulate of Pb-filled nano-channels implies that the oxide would 

practically have negligible resistance, the measurement of significant resistance in the 

experiments of this research program contradicts this postulate.  Indeed, the oxide on one 
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particular probe (D11, see the dissertation) grew in situ in the LBE, yet this probe had a 

significant impedance response, thereby obviating the criticism that the typical measured 

resistance is due only to a pre-oxidized layer that does not contain Pb-filled nano-

channels.  Another possible criticism is that, if the measured resistances are due primarily 

to interfacial effects (such as Schottky barriers), then the presence of Pb-filled nano-

channels would have no effect on the resistance; the resistance of the compromised oxide 

would be in series with a very large interfacial resistance.  At this point, however, it 

seems that the measured resistance is, in fact, due to the resistance of the Fe-Cr spinel 

oxide, since even a Schottky barrier depends upon the presence of a semi-conducting 

(i.e., high-resistance) oxide.  In short, the experiments of this research program have 

indicated that Pb-filled nano-channels—with the lead in the metallic state—likely do not 

exist in the Fe-Cr spinel oxide.  It may be, however, that nano-channels exist that are 

filled with lead oxide (e.g., PbO), which has a much greater specific resistivity than does 

metallic Pb.  Such PbO-filled nano-channels would have sufficient resistance as to not 

short out the Fe-Cr spinel. 

3.3. Alloy and Coating Development 

Not as much work on developing new, more corrosion-resistant alloys and coatings was 

accomplished in this research program as was originally proposed.  The proposed work in 

this area was contingent upon a rapid development of the IS technology, which took 

longer than hoped because of unforeseen issues that took time to resolve, as has been 

discussed in previous sections.  Nevertheless, some IS results on an FeCrAl alloy were 

obtained successfully, as discussed in Section 3.2.2.3. 

3.3.1. Alloys 

Previous research shows that austenitic steel, such as SS316, suffer from severe corrosion 

attack in LBE at temperatures above 500°C, while Ferritic/Martensitic (F/M) steels form 

thick oxide scales, which may spall off periodically.  If these F/M steels are used as core 

components, the spalled oxides will eventually accumulate and block the cooling 

channels.  Furthermore, the thick oxide scale hinders the heat transfer through the 

cladding wall of the fuel pins.  Hence both currently existing F/M and austenitic steels are 
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restricted to application at temperatures below 500°C.  Recently, some researchers have 

advanced that steels with Al content can withstand corrosion attack in LBE at 

temperatures above 500°C.  Therefore, efforts were dedicated to identifying such steels in 

this project.  A FeCrAl alloy with ~5 wt% Al was tested at first.  This alloy was 

originally designed for high temperature furnace applications, such as heating elements.  

It has exceptional high temperature oxidation resistance due to the protective Al2O3 layer 

formed on the sample surface.  Indeed, it was found that the FeCrAl alloy with ~5 wt% 

Al did not show apparent corrosion damage in LBE at a temperature of 550°C for up to 

3500 hours.  A thin Al2O3 formed on the sample surface and could protect the substrate 

steel.   Hence the FeCrAl alloy is a promising candidate material for systems cooled by 

Heavy Liquid Metal (HLM). Nevertheless, more tests, including mechanical tests, are 

needed to further evaluate the applicability of this material in HLM-cooled systems. 

3.3.2. Coatings 

Only one coating—flame-sprayed alumina—was evaluated in this research, and that 

evaluation was more incidental than intentional.  Alumina was used as an electrical 

insulator for the rod-style probes (3rd type of probe) and disk-style probes (4th type of 

probe), as discussed previously.  To ensure that the alumina coating did not appreciably 

affect the impedance response of the disk probes, a test was made with a disk probe that 

was completely covered with alumina, i.e., it had no active area of oxidized steel.  This 

test showed that alumina does, in fact, act as a good electrical insulator.  Also, with all 

disk probes, the alumina coating adhered well to the front and back faces of the disks, but 

it did not adhere well to the sides, which were curved.  Therefore, flame-sprayed alumina 

probably would not work well as a corrosion-inhibiting coating inside the pipes and 

vessels of an LBE coolant system, even if a way to apply such a coating could be 

discovered. 
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4. Conclusion 

Impedance spectroscopy (IS) has been developed as a meaningful and repeatable 

technique for evaluating oxide layers on stainless steels in an LBE environment.  Major 

experimental limitations have been addressed and solved, allowing the technique to be 

used at temperatures higher than 300°C for the first time.  The general effects of the 

major variables have been mapped out, including time, temperature, DC bias, and AC 

signal amplitude, and the existences of rectifying properties and an open-circuit voltage 

were also discovered.  The extension of the IS technique from pre-oxidized oxide scales 

to natively grown oxide scales has been confirmed.  Furthermore, a FeCrAl alloy has 

been tested in LBE and found to be resistant to corrosion.  The IS technique is now ready 

for expanded development and testing in flowing LBE loops. 
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