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Motivation
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Key advantages of heavy liquid metal cooled

reactors (Pb and LBE) include:

- Low chemical reactivity

- No pressurization of the primary system

- Sealed long-life core

- Reactor pool configuration with simplified

refueling and containment

Small Secure Transportable Autonomous Reactor 

(SSTAR), Smith 2008

LBE-cooled Direct Contact Boiling Water Fast Reactor (PBWFR), 

Smith 2011

“…even if things seem safe and sure in

day-to-day operations, disasters still

happen….The nuclear industry routinely

tells itself that partial meltdowns such as

that of Fukushima are less likely than the

record shows them to be.”

The Economist,

April 23, 2011



Liquid Metal Embrittlement – History
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P = pure

A = alloy

L = laboratory

C = commercial

X = susceptible

Shunk, 1974

Characteristics of LME:

- Does not occur under compression

- Fracture often occurs before ultimate 

tensile point

- Requires dislocation motion

- Results in intergranular fracture

Prerequisites for LME:

- A susceptible metal to embrittler couple

- Intimate contact

- Sufficient embrittler volume to exposed metal 

surface area

- Susceptible temperature

Nicholas, 1979

Early research on Liquid Metal Embrittlement occurred in the 1980s with a

resurgence in the last few years.



Liquid Metal Embrittlement – Temperature
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Nicholas, 1979

“Ductility trough”

TE – onset of LME

TR – recovery from LME

Melting 

temperature of 

embrittler

Van Den Bosch, 2010

“Embrittlement is often restricted to a limited temperature range. This has

important technological implications because it prevents the identification of

susceptible systems by simple high temperature screening tests carried out on

the assumption that higher temperatures are likely to exacerbate any

detrimental effects” (Old, 1980)



ASTM Guidance

5

U-Bend SSRT

ASTM G129–00

Standard Practice for Slow Strain Rate Testing to 

Evaluate the Susceptibility of Metallic Materials to 

Environmentally Assisted Cracking, 2006

ASTM G30–97

Standard Practice for Making and Using U-Bend Stress-

Corrosion Test Specimens, 2009

- U-Bends exposed in the environment to be 

tested

- Bending is elastic and produces stress equal to 

approximately 80% of the yield stress

- Notches may exacerbate environmental effect

- Visual inspection for cracking following exposure

- Relatively strain rate independent (10-4 to 

10-7 sec-1)

- Solution (embrittler) volume-to-exposed 

specimen surface area matters (>30 ml/cm2)

- Acceptable to measure strain rate based on 

extension rate (i.e. no extensometer)

- Evaluate time to failure and strain at failure 

to determine susceptibility



Experimental Approach
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U-Bend SSRT

300 hrs

350°C

99.9% Pb

1.3x10-4 sec-1

328°C Pb

124°C LBE

(approximately 40 min)



Results – U-Bends
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- Lead and lead oxide solidified on samples after 

removal from the melting pot.

- This lead and lead oxide layer readily spalled off 

the sample.

- Samples were cleaned without mechanical force.

- No observable cracking was found any surface of 

the u-bend specimen.



Results – SSRT
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Environment

Ultimate Tensile 

Strength

Percent 

Elongation

(-) (MPa) (%)

328°C Air 823 10.9

328°C Pb 860 10.7

124°C Air 938 10.9

124°C LBE 926 11.1

(for reference)No significant change in tensile behavior

from testing in air to the molten metal

environments:

- Each reached an ultimate tensile point

- Total elongation comparable

- Changes in strength attributable to

effect of temperature



Results – Fractography
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No change in fracture mode in either molten environment.

MA956 fractured in air at 328°C at (a) and (b) and

fractured in molten Pb at 328°C at (c) and (d).

Pb

MA956 fractured in air at 124°C at (a) and (b) and

fractured in molten LBE at 124°C at (c) and (d).

LBE



Oxide Layer Protection
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Farmer, 2010

MA956 (and other aluminum-containing ODS alloys) are known to produce a thin,

stable, and tightly adherent Al2O3 oxide layer that protects the alloy against general

corrosion in many environments and at high temperatures.

This research shows that this same oxide layer (as well as a Cr2O3 layer) protects

the alloy under stress and prevented liquid metal penetration into the base metal.



Conclusions
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MA956 is not susceptible to LME in oxygen-saturated molten lead or LBE for the tested 

conditions, most notably at temperatures near the melting temperature of the potential 

embrittler.  When combined with previous research on general LME conditions, the 

following general conclusions can be drawn:  

(1) Maintaining MA956 at less than its yield point will help ensure LME does not occur.  

No significant changes in the elastic region of any alloy tested occurred in molten 

lead or LBE and other research has established that dislocation motion is required 

for LME to occur.

(2) Protective Al2O3 and Cr2O3 oxide layers on MA956 remained intact (or re-passivated) 

during prolonged static exposure under stress in molten lead preventing lead 

penetration into the metal microstructure.

(3) This research has shown negligible LME response near the melting temperature of 

lead and LBE.  Operation above those temperatures, as would be expected in the 

majority potential applications for MA956, should only lessen the potential for LME.



Further Research – Improvements
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- Find a control material (i.e. a material that

exhibits a strong LME reponse, such as

aluminum in gallium)

- Use a larger specimen size for SSRT

- Analyze additional materials (INCONELs

and other FM steels)

- Analyze a range of temperatures to verify

hypotheses of Nicholas and Old

- Control/measure oxygen

Improvements can be made in the conduct of both the U-bend and 

SSRT experiments:



Works Cited

13

- ASTM G30-97, "Standard Practice for Making and Using U-Bend Stress-Corrosion Test Specimens," 2009.

- ASTM G129-00, "Standard Practice for Slow Strain Rate Testing to Evaluate the Susceptibility of Metallic Materials to 

Environmentally Assisted Cracking," 2006.

- Farmer, J., et al., “Coolant Compatability Studies for Fusion and Fusion-Fission Hybrid Reactor Concepts: Corrosion of 

Oxide Dispersion Strengthened Iron-Chromium Steels and Tantalum in High Temperature Molten Flouride Salts,” 2010.

- Nicholas, M. G., and C. F. Old, "LIQUID-METAL EMBRITTLEMENT," Journal of Materials Science, vol. 14, pp. 1-18, 

1979.

- Old, C. F., "Liquid-Metal Embrittlement of Nuclear-Materials," Journal of Nuclear Materials, vol. 92, pp. 2-25, 1980.

- Smith, C. F., W. G. Halsey, N. W. Brown, J. J. Sienicki, A. Moisseytsev, and D. C. Wade, "SSTAR: the US lead-cooled 

fast reactor (LFR)," Journal of Nuclear Materials, vol. 376, pp. 255-259, Jun 2008.

- Smith, C. F., L. Cinotti, and H. Sekimoto, "The Lead-Cooled Fast Reactor (LFR): International Developments and 

STatus," in ICAPP, Nice, France, 2011.

- Shunk, F. A., and W. R. Warke, "SPECIFICITY AS AN ASPECT OF LIQUID-METAL EMBRITTLEMENT," Scripta

Metallurgica, vol. 8, pp. 519-526, 1974.

- Van den Bosch, J.. P. Hosemann, A. Almazouzi, and S. A. Maloy, "Liquid metal embrittlement of silicon enriched steel 

for nuclear applications," Journal of Nuclear Materials, vol. 398, pp. 116-121, Mar 2010.



Questions?

14

Brad Baker

Assistant Professor

United States Naval Academy

bbaker@usna.edu

Baker, B. W. and L. N. Brewer, “Evaluation of Liquid Metal Embrittlement Susceptibility of Oxide 

Dispersion Strengthened Steel MA956," Journal of Nuclear Materials, October 2014.

http://www.sciencedirect.com/science/article/pii/S002231151400453X

Baker, B. W., T. R. McNelley, and L. N. Brewer, "Grain size and particle dispersion effects on the tensile 

behavior of friction stir welded MA956 oxide dispersion strengthened steel from low to elevated 

temperatures." Materials Science and Engineering: A 589(0), pp. 217-227, 2014. 

http://www.sciencedirect.com/science/article/pii/S0921509313010861

Acknowledgements:

mailto:bbaker@usna.edu
http://www.sciencedirect.com/science/article/pii/S002231151400453X
http://www.sciencedirect.com/science/article/pii/S0921509313010861


Backup Slides
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LME – Aluminum in Gallium
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Gallium Induced Structural Failure of a Coke Can 

http://www.youtube.com/watch?v=FaMWxLCGY0U

http://www.youtube.com/watch?v=FaMWxLCGY0U

