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One of the uses of liquid sodium metal is as coolant for nuclear power
reactors. Sodium is chosen because (1) it has good heat transfer properties
at low pressure, (2) it does not degrade a fast neutron spectrum, (3) it is
relatively inexpensive and readily available, and (4) it is compatible with
reactor materials at temperatures of interest. Sodium-cooled reactors have
operated successfully for the past twenty years, including experience in the

United States, Western Europe, the Soviet Union, and Japan.

Most of the development work with material compatibility in liquid sodium
has been in support of reactor design and operation. Extensive experimental
studies have been completed to establish the types and rates of reaction of

sodium with reactor materials; key results will be discussed in the paper.



In summary, the austenitic stainless steels used for primary containment
and fuel cladding materials meet the requirements for reactor service, in-
cluding compatibility with the liquid sodium, at temperatures up to 750°C;
however, sodium interaction with materials must be factored into reactor
design and operation for components with service temperatures above 400°C
(this includes essentially all major components and piping in the heat trans-
port system.) Specialty materials such as hardfacing alloys are also
required for certain applications. Improved materials are being developed

for future use.

Mass loss rates of austenitic stainless steels in sodium are quite
modest, equivalent to above 25 um per year at 700%C and 1 um per year at
550°C. This rate must, however, be factored into design and performance
criteria for thin-walled fuel cladding. Nonuniform corrosion, possibility
of intergranular attack in some materials, possible gain or loss of carbon
and nitrogen, and deposition of dissimilar metals on surfaces can affect the
properties of materials during service. Therefore, a simple corrosion or
waste allowance is not sufficient when assessing environmental effects for

reactor components.

Thorough understanding of sodium-material interaction is needed to

answer these specific questions:



1)

2)

6)

The fuel cladding is only 0.20 to 0.40 mm thick, yet is subject to
temperatures up to 700°C and biaxial stresses of 70 MPa (10,000
psi). What is the wall-thinning rate in the high velocity

(6 meters/sec) sodium stream? Is there intergranular penetration?
Does selective leaching of elements change the strength, ductility,

or swelling resistance of the cladding?

Are interstitial elements carbon, nitrogen, and boron transported
from one place in the sodium circuit to another, and what effect

does interstitial transport have upon the properties of donor and
receiver material?

Does deposited mass-transfer material degrade heat transfer in heat
exchangers, or does it change the surface roughness such that

pressure drops and/or flow distributions are altered?

Material removed by mass transfer from the reactor core is highly
radioactive. Will deposition of this radioactive material create

maintenance problems from high radiation exposures to workers?

Are all component specialty materials known to be compatible with

sodium?

The structural materials in a reactor operate at lower temperatures

(up to about 575°C) and have larger cross-section, but have



service lifetimes up to 30 years. Are the mass transfer processes
and effects on properties understood well enough to extrapolate

data to 30 year lifetimes?

A schematic of a sodium-cooled reactor and the areas of interest is

shown in Figure 1.
SUMMARY

Significant progress have bteen made in the last decade, both in under-
standing the process of material behavior in experimental sodium systems and

in evaluating materials performance from actual reactor operations.

In general, enough data have been generated under well-controlled condi-
tions to make reasonably accurate and confident predictions of corrosion
rbehavior for steel in sodium.even though the theory has not completely been
developed. Deposition phenomena are not so well defined, at least with

respect to establishing quantitative correlations.

Radioactive mass trans-

port has pernaps peen more closely characterized, because the measurement of



the movement of radioactive species may be determined more precisely. The
deposition of radioactive corrosion products in out-of-core components may
1imit accessibility for maintenance; however; promising methods for prevent-
ing radioactive mass transport to maintenance zones have been demonstrated

in the laboratory. Satisfactory materials for hard-facing and low-friction

applications in sodium have been found.

The importance of maintaining the purity of the coolant sodium has been
demonstrated repeatedly. Impurity meters for real-time indication of oxygen
and hydrogen Tlevels have been developed for test facilities. Instruments
for measuring carbon in sodium are in laboratory development. Cleaning pro-
cesses for the removal of sodium without corrosion or metallurgical damage
to the substrate metal have been developed and demonstrated. The previous
statements do not mean that all materials compatibility problems have been
solved; improved materials for reactor service; considering many other
factors beside sodium compatibility, are being developed. Their interaction
with sodium must be characterized and understood; ongoing test programs are

accomplishing this.

EXPERIMENTAL TECHNIQUES

Because of the reactive nature of sodium, and the effect of small
amounts of impurities on materials compatibility, it is necessary to provide
protection from atmosphere and moisture contamination. When suitable

precautions are taken and sufficient monitoring instrumentation is provided,



flowing sodium systems can be maintained within close operating toler-

ances.(l’z)

Most experiments are done in a "“sodium loop," such as the one shown
schematically in Figure 2. Provisions are made for insertion and withdrawal
of specimens into inert gas locks to protect surfaces from atmospheric con-
tamination if necessary, and for purification of sodium by cold-trapping and/or
hot-trapping,* and an inert cover gas, usually argon or helium, over the sodium.
Even though sodium flowrates and pipes sizes in reactors are quite large,
the spacing between fuel pins is only 1.0 to 1.5 mm. For this reason, it is
possible in properly designed tests to duplicate the temperature, velocity,
and Reynolds number of conditions at the fuel pin cladding/sodium interface.
It is also possible, at additional effort and expense, to duplicate the
steep axial temperature gradient characteristic of a reactor core to
determine the effect of temperature profile on interaction behavior. When
such evaluation is being done, the regenerative heat exchangef of Figure 2

is replaced with larger heater and cooling sections.

A key step in analyzing mass transfer interactions was the development

(3)

of the vanadium-wire equilibration technique as a standard method for

analyzing oxygen content of sodium. This method brings sodium and vanadium

*A cold trap removes oxygen, hydrogen, and carbon impurity species from
sodium by cooling the sodium stream to controlled temperatures where the
species become insoluble, and providing nucleation sites for the various
oxides, hydrides, etc. A hot trap removes impurities by contacting sodium
with hot (6000C or above) zirconium, titanium, or other reactive metals.
The impurities react with the hot reactive metal and diffuse into it.



into equilibrium at constant controlled temperature. The vanadium is then
analyzed for oxygen by vacuum-fusion analysis, and thermodynamic partition
information is used to back-calculate the oxygen level of the sodium. It is
important to note that the method is self-consistent as long as the equili-
bration temperature is maintained constant and the vacuum fusion analysis is
standardized. Both those requirements are easily fulfilled in practice. In
this paper, all oxygen levels quoted are those derived from vanadium wire

analysis.

An in-line meter has been developed which measures oxygen activity in
sodium by electrochemical means.(4) A Th02-Y203 solid electrolyte is

immersed in the sodium, establishing a cell:

Na20 dissolved Th02—Y203 Reference electrode

in liquid Na electrolyte (Po in air, or
2

saturated NaZO/Na

mixture

Since each electrolyte tube varies slightly in its output voltage, the
vanadium Wire analysis is used for absolute calibration of the oxygen meter,

whose output voltage is then continuously monitored.

Hydrogen (and its isotopes deuterium and tritium) is reliably measured
in sodium by means of a nickel diffusion tube which connects to a high

vacuum system. The hydrogen in the sodium is in equilibrium with hydrogen



gas in the vacuum system by diffusing through a nickel membrane. An absclute
measure of the hydrogen level is obtained by evacuating the vacuum system

and then measuring the hydrogen pressure after equilibration. A dynamic
reading may be taken by reading the ion pump current during steady state
evacuation. An equilibration method for hydrogen, using a thin foil of
metallic scandium which is equilibrated by immersion in the sodium and sub-

sequently removed for analysis, is also used.

Carbon measurement in sodium by means of meters and equilibration proce-
dures is not as well developed. Nevertheless, such devices for monitoring
the carbon activity in sodium are being developed in the U.S. and abroad.
The carbon meter uses a metal membrane through which carbon will diffuse.
The carbon is reacted on the non-sodium side of the membrane to form carbon
monoxide, which is then swept out and measured in an external system. Equi-
libration methods use tabs of iron or special alloys which are then removed
from the sodium for analysis, similar to the vanadium-wire technique for

oxygen determination.

Since the interaction of sodium with materials is complicated and cannot
be described simply in terms of weight ioss or uniform corrosion, additional

evaluation methods are required.

Typical methods of determining mass transfer behavior at both mass loss
and deposition sites include light metallography. electron microscope anal-

ysis of topography and surface concentration, incremental analysis of



sequential layers of material adjacent to the specimen surfaces, and elec-
tron microprobe examinations. Auger electron spectroscopy, glow-discharge
optical spectroscopy, and ion-bombardment because of their sensitivity and
ability to analyze extremely small samples, are becoming useful analytical
tools. Chemical analysis of sodium is sometimes performed, but has not been
particularly useful in analyzing mass transfer behavior because of sampling
difficulties and inconsistent data on the solubility of structural materials
in sodium. When radioactive materials are used in experiments, standard
radiochemical analysis in combination with sequential incremental analysis
and weight less measurements can be used to establish radionuclide source
rates. Gamma spectrometry of test loops and actual reactor piping has been
completed, as well as similar evaluation of test specimens and reactor
components removed from service. Radiochemical analysis of reactor and test

Toop sodium is also performed, again with inconsistent results.

Results of metallographic, microscopic, and sequential analysis of sur-

faces of sodium-exposed material are shown in Figures 3 through 6.
SODIUM-MATERIAL INTERACTION PHENOMENA

Austenitic Stainless Steel - Because of the large amounts of austenitic

stainless steel used in the reactors; most of the experimental investigations
have concentrated on this material. This section describes mass transfer
behavior of austenitic stainless steel in the hot leg or maximum temperature

region of a test loop or reactor with a system temperature gradient (delta T)



of 30°C or more. In genera],'measurable mass loss is observed at tempera-
tures above 400°C; preferential loss of nickel causes surface and grain

boundary transformation to ferrite above about 600°C.

In an austenitic stainless steel, the mass loss is not uniform with time.
In general, the constituents of the steel that are thermodynamically favored
to be associated with the sodium (such as nickel and chromium) are leached
out, resulting in the altered surface mentioned above. The leaching process
is fed by solid-state diffusion from the interior of the specimen. After a
time, the diffusion flux of the species decreases to that equivalent to
uniform recession of the surface. A steady state is eventually reached
where the mass loss rates become stoichiometric and time-variant. Note
that the corroding surface is now considerably enriched in iron, enough to
transform it to ferrite. It has been reported that exposure longer than
10,000 hours is required at 700°C to obtain time-invariant mass loss rates.
Growth of the surface ferrite layer (préportional to square root of time) has
been reported to continue past 500 hours at 700°C.(5) The times for
attainment of steady state are even longer at lower temperatures. Breeder
reactor fuel elements have projected service lifetimes of 8000 to 25,000
hours, almost always at temperatures below 700°C so the steady mass loss
rate is not likely to be attained in many fuel elements. Reactor plant
components with service lifetimes up to 30 years are more likely to attain
time-invariant mass loss rates. However, many of them are in the decreasing

temperature or cold leg region and will experience mass gain or deposition.
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Velocity Effects - The mass loss rate increases with fluid velocity up

to a certain value, then levels off. The reason given for this phenomenon
is that up to a certain velocity, the mass loss is dependent on events such
as diffusion of metallic species and oxygen to and from the metal surface

through hydrodynamic boundary 1ayers.(5’5’7)

Above a limiting value, other
processes such as surface oxidation, surface bond breaking, and solid-state
diffusion become the slow step in the mass loss process. This effect is
shown schematically in Figure 7. Obviously, the plateau is a function of
hydrodynamic boundary layer thickness, and the plateau velocity will be
dependent on temperature, geometry, and perhaps oxygen content of the sodium.
Two rule-of-thumb figures are mentioned for the velocity-dependent limit, a
velocity of 4.6 m/s (15 ft/sec) and/or a Reynolds number of 5 x 104. Note
that fuel cladding assemblies fall in the velocity-independent regime.
Hydrodynamic theory predicts mass loss to vary with the the 0.8 power of
velocity within the velocity-dependent range; results are not noticeably
different. An analysis of hydrodynamic parameters and their relation to the

)

effect of sodium velocity on mass loss rates have been pubh’shed.(8

Preferential Leaching and Oxygen Effects - In the relatively complex

austenitic stainless steel alloys, the mass loss appears to occur by two
competing processes: oxidation of the surface and dissolution of the oxide
phase into the sodium, and direct dissolution of alloy constituents into
sodium. Some alloy constituents always dissolve directly into sodium at a
faster rate than the surface is removed by the oxidation process. At typical

low oxygen activities found in loops, chromium, nickel, manganese, and

11



silicon initially migrate out faster than the surface recedes. Iron is the
major element removed by the oxidation process, although the removal of
chromium and silicon may also depend on oxygen activity in sodium. Cobalt

and molybdenum are preferentially retained, it being favorable for them to be
retained within the steel and thus to accumulate at the solid-liquid interface.
Whether the preferential retention is due to thermodynamic considerations or
to slow dissolution rates of the elements into sodium is not known. The

effects of this preferential leaching have been shown in Figures 3 through 6.

A general increase in mass loss rates with oxygen level in sodium has

(9)

been observed. Weeks and Isaacs' theory predicts that iron is the only
constituent of stainless steel whose mass loss rate depends on oxygen level,
and that the mass loss rate of an austenitic stainless steel is proportional
to the 2x power of oxygen activity, where x is fraction of iron in the alloy.
(For example, for 316 stainless steel containing 65% iron, the exponent on
oxygen concentration would be 1.3.) Another study by Bagnall and Jacobs(s)
examined mass loss rates of 316 stainless steel and concluded that there was
no statistical justification for an exponent other than 1 on oxygen concen-

(10,11) on irradiated 316 stainless steel

tration. A study by Brehm et al.,
at 604°C, confirmed the Weeks and Isaacs theory that oxygen level in sodium
significantly influenced only the mass loss of iron. In the phase of

this study where mass loss was determined at oxygen levels of 2.5 and 0.5
ppm, the decrease in mass loss was only about a factor of two at the lower
oxygen level. Decreasing the oxygen level to less than 0.01 ppm with a hot

trap purification did not reduce the mass loss rate below that obtained at

0.5 ppm oxygen.
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It is probable that at oxygen levels less than 1 ppm, the mass loss
during the period before steady-state is attained is dominated by loss of
nickel and chromium from the steel, and that variation of iron loss with
oxygen is less important in the total mass loss. In addition, the iron loss
at the Tow-oxygen levels attained by hot-trapging mentioned above was not
reduced below that at 0.5 ppm. Therefore, mass loss rates of austenitic
stainless steels do not appear dependent on oxygen levels below 1 ppm
oxygen. Still not clear is the question of why loss of chromium, which
forms chromium oxides and sodium chromites supposedly more stable than the
corresponding iron compounds, is not more sensitive to oxygen at oxygen
levels in the 1 to 10 ppm range. At high oxygen levels (above 10 ppm) the
oxides of iron dominate the mass loss process, the interfaces recede more
rapidly, and the preferential leaching and ferrite layer formation are not
observed.(lz) This case is of limited practical interest since reactors
and large test rigs have technical specifications which prohibit operation

at such high oxygen levels.

Downstream Effect - In a situation where there is an isothermal section

of material with constant fluid dynamics (e.g., constant velocity and no flow
perturbations), and the mass loss rate of stainless steel in sodium decreases
with length along the isothermal section. This phenomenon is called the
downstream effect, and has been seen in every instance where it could be mea-
sured. Generally speaking, the higher the upstream or zero-downstream mass
loss rate, the more pronounced is the downstream effect, as seen in Figure 8,

reproduced from Reference 5. The downstream effect is thought to be caused by

13



saturation of the sodium stream with alloy constituents, decreasing the driv-
ing force for dissolution. Alternately, for an oxidation process, the down-
stream effect could be caused by depletion of oxygen in the sodium stream.
Another explanation, proposed by Weeks and Isaacs is the "poisoning" of
active corrosion sites by redeposition of chromium and nickel at the

(9)

downstream positions.

Temperature-Gradient Effects - In the core of a reactor the high power

density causes the sodium temperature to rise as much as 250°¢ per meter of
fuel element channel length. The fuel cladding temperature will be 10 to
15°C hotter than the sodium temperature because of the intense radial heat
flux within the fuel cladding. (Because of the high thermal conductivity of
sodium and the absence of a distinct oxide layer on the cladding surface, the
film delta T or thermal boundary layer is only 10 to 15°C, rather than up

to 100°C as in water-cooled reactors.)

Under these conditions, the zero downstream mass loss rate is roughly
twice that obtained at otherwise identical conditions. This effect has been

(13)

confirmed by evaluation of in-reactor fuel cladding as well as in care-
fully controlled laboratory tests where special heating sections were built
to duplicate the thermal gradient.(9’14’15) It has been found that dupli-
cating the axial thermal gradient is sufficient to obtain valid results, if
the 10 to 15°C film delta T is accounted for by raising the test tempera-

ture by that much.
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The cause of this increased mass loss rate is the reverse of the "satura-
tion" model downstream effect; that is, the transit time of the sodium past
the material is so rapid and the temperature rise is so steep, that the
sodium is under-saturated with alloy constituents, increasing the driving
force for disolution. It is worth noting that in one study where this
effect was not observed, the oxygen level was higher than in tests where the
temperature gradient effect was observed. A possible explanation is that
the oxidation controlled mass loss phenomenon is less sensitive to tempera-
ture profile (this thus assumes that there is always sufficient oxygen avail-
able at higher oxygen levels). Fuel pin wastage allowances
have been adjusted to compensate for the accelerated mass loss in a reactor

core.

Depleted Zones and Intergranular Penetration - The preferential Toss of

nickel and chromium from austenitic stainless steel leaves a depleted zone

in the remaining material. Part of the depleted zone will transform to
ferrite; ferrite layer thicknesses of 15 to 25 um have been reported after
10,000 hours at 700°C; the total depleted zone is up to 40 um deep at those
conditions. At far downstream positions, the preferential loss of nickel and
chromium is decreased, and as a result, the ferrite layer thickness is also
reduced. Ferrite is observed in grain boundaries at temperatures as low as

550°C, and on the surface at 600°C..

The faster diffusion rates in grain boundaries can lead to actual inter-
granular penetration by sodium (actually dissolution of grain-boundary

regions). Intergranular penetration in austenitic stainless steel is not

15



common below 750°C._ It is important to note that classic liquid-metal

embritt]ement,(ls)

or deep grain boundary attack involving an intermediate
Tiquid phase(17) do not occur with austenitic stainless steel and properly
co]d-trépped sodium. Occasionally intergranular attack up to 50 micrometers
deep is seen in system cold legs; it is possible that this reaction is caused
by local very high oxygen concentrations in sodium left in the test system
during shutdowns between runs, and subsequent oxidation of localized areas.

The resultant high oxygen sodium during system startup causes the inter-

granular penetration.

Mass Loss Correlations - Several parametric equations for mass loss have

been deve]oped;(s’g’ls) the one most generally used in the USA is the

"Bagnall-Jacobs" corre]ation,(s) given below and in Figure 9.

/8 = 170 x 107 exp (-18120/T) ,

where T = degrees Kelvin
S = corrosion rate, micrometers/year
@ = oxygen level in ppm, given by vanadium wire analysis.

This expression is for velocities above 4.76 m/s.

For high axial thermal gradient conditions, the value of S obtained from

the equations should be doubled. For velocities less than 3 m/s, the recom-

mended expression is:

16



$/8 = 2.97 x 108 + 2.71 x 10% exp (-18120/T) ,
where V = sodium velocity in m/s.

It is the author's opinion that at oxygen levels less than 1 ppm, the
value of 1 ppm be used in the mass loss equation because of the oxygen-
independent mechanism of mass loss of chromium, nickel, and iron dominating
the process at low oxygen levels. Note that the activation energy in the
Bagnall-Jacobs correlation is 36.2 Kcal/mol. This value suggests surface
reaction rather than fluid boundary layer diffusion as a controlling step in

the reaction.

A correlation for equilibrium depth of alloy depletion (not ferrite layer

(6)

thickness) has been proposed:

15 '

t = (5.21 x 10°)/S  exp (-29685/T) ,

where t = equilibrium thickness, micrometer

w
H

mass loss rate (micrometer/year).

This equation suggests an activation energy of about 60 Kcal/mol, which

is typical of substitutional solid-state diffusion in austenitic steels.

This correlation is shown in Figure 10.

17



Standard mass transfer models based upon hot and cold leg equilibrium
solubilities of alloy constituents, plus kinetic rate constants from kinetic
theories and fluid dynamics, have not proved useful in describing mass Tloss
behavior of austenitic stainless steels. The complexity of the mass loss
process in an eight (minimum) component system (Fe, Cr, Ni. Si, Mo, Mn, Na,

0, etc.) and the lack of reliable solubility data hinder this effort.

Effect of Stress and Radiation Environment - No detectable effect of

either applied stress or neutron irradiation on mass loss has been observed.
The effect of cold work (as in 316SS fuel cladding) is uncertain, small

increases in mass loss rate in 20% cold worked 316SS have been reported.(lg)
Furthermore, significant amounts of fast neutron sputtering of fuel cladding
in reactor cores is absent. These factors add to the confidence one is able

to have in applying out-of-reactor data to reactor design and operations

support.

Effect of Minor Allov Varijations - The mass loss rates among various

austenitic stainless steels do not vary significantly, even though small
differences in alloy composition of the steels can provide significant
differences in strength, ductility, fabricability, resistance to aqueous
corrosion, and resistance to radiation damage. The significance of this is
that mass loss correlations developed for 316 stainless steel can be used
for other austenitic stainless steels, within the Timitations described,

without significant error.

18



Interstitial Transport - Interstitial element carbon, nitrogen, and boron

can migrate from high activity regions to low activity regions. The activity
gradient can be provided by dissimilar metal compositions or temperature
gradients within the system. The sodium‘provides a carrier for the inter-
stitial atoms to move from one part of flowing system to another. With a
cold trap operating, carbon (in particular) activity in the sodium is
reduced, so that carbon migration from the steels to the sodium is thermo-
dynamically favored under some conditions. Several theoretical and experi-
mental analyses of this.situation have been reported in References 20 through

25.

In general, nitrogen and boron are rapidly lost from steels in the hot

leg of test systems. 2>26527)

The nitrogen loss is not of concern because
(1) fuel cladding is restricted to 100 ppm nitrogen, leaving little nitrogen
to lose, and (2) if carbon content in structural materials is maintained
above 400 ppm, code-allowable stress properties. are maintained regardless of
the nitrogen level. The loss of boron did not seem to affect the long-term

creep properties of the German steels in which is was reported(27).

Carbon will migrate in or out of an austenitic stainless steel depending

on the local activity and the availability of carbon for diffusion. Briefly:
1) A1l unstabilized, annealed austenitic stainless steels will lose

carbon above about 550°C. At 650°C and above, because of the

rapid diffusion of carbon, an entire 0.38 mm thickness of fuel

19



2)

3)

5)

cladding can be decarburized to less than 100 ppm carbon in 1000

hours.

A1l stabilized steels (Nb, Zr, or Ti additions) will pick up carbon

if a mechanism exists to provide it.

Cold work and irradiation accelerate carbide precipitation of M23C6
carbides in 316 stainless steel. The carbon is no longer free to
diffuse, and decarburization does not occur or occurs very slowly at
600°C and below. In-reactor evaluation of 20% cold-worked clad-
ding has shown no decarburization (and no loss of nitrogen) after
5328 hours at up to 675°C;(13) however, an out-of-reactor test

on 20% cold-worked, pressurized material showed significant carbon

loss after 2000 hours at 650°C.(28)

Depth of carburization in reactor components is likely to be small,
100 micrometers or less, because of the relatively low temperature
(600°C or less) and the precipitation of M23C6 and M7C3 phases near

the metal surface.

The ferritic 2-1/4 Cr - 1 Mo steel favored for steam generators is
subject to decarburization\because of the low solubility of carbon
in ferrite. Because of relatively low temperatures (450 to 57S°C),

again the process is relatively slow. Use of a stabilizer (Nb, Ti,

20



or Zr) as an alloying element, or use of a 9% or 12% Cr ferritic

steel, will suppress the decarburization for all practical purposes.

SODIUM COMPATIBILITY OF OTHER MATERIALS

Both metallic and nonmetallic materials are used in reactors, generally
as part of specialty components such as bearings, load pads, structural mate-
rials, etc. The materials have, for the most part, been tested in sodium at
or near their expected service conditions. Austenitic high strength steels
containing 10% to 43% nickel, rather than the 8% to 14% found in stainless
steels, are being tested for future use as fuel cladding and ducts. Sodium
compatibility testing of these candidate materials, as well as other

materials used for reactor components, has been reported.
The results can be summarized as follows:

1)  Cobalt-rich alloys and molybdenum alloys have extremely low mass
loss rates in sodium up to 700°C. When used in a system con-
structed principally of austenitic stainless steel, these non-
ferrous materials show deposition of iron, chromium, and nickel.
Nickel-base materials Alloy 600 and Alloy 718 have extremely high
mass loss rates and intergranular penetration in sodium at 600°C

(26,29)

and above. Alloy 718 1is acceptable for reactor components

below 600°C, but not for fuel cladding.

21



2)

3)

4)

The ferritic alloy steels and carbon steels show about the same mass
loss rates as the steady-state loss rates on austenitic alloys. As
mentioned, the 2-1/4 Cr - 1 Mo unstabilized steels are subject to
decarburization but the rate can be quite slow. Plain carbon steels
are subject to very rapid carbon loss because of lack of stabilizing
elements such as Cr to reduce carbon activity in steel and because
of rapid carbon diffusion rates. They should be used with caution

above 400°C in sodium.

Use of niobium, zirconium, vanadium and tantalum alloys in
stainless steel systems is questionable at 500°C and above
because of carbon and oxygen absorption and resulting

embrittlement. Mo and W-based alloys are suitable.

The use of Mo-clad tantalum for control rods has been considered.
Cobalt and tantalum become extremely radioactive in a neutron flux,
thus adding to the radioactivity burden if use in the reactor core
and adjacent regions. (It is recognized that there are sometimes

no alternatives to cobalt-base bearing alloys.)

Alloys PE16, 706, and A286 have shown mass loss rates roughly

equal to 316 SS at 700°C after 2000 hours. (%9)

Alloy PE1S6,
however, is much more susceptible to intergranular attack than the
other alloys. A286 had a significantly smaller diffusion zone than

other materials.
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6) Normally corrosion-resistant metals, such as copper, silver, gold,
and platinum, dissolve rapidly in sodium at all temperatures and
are not satisfactory for sodium service (an exception is the use of
thin layers as sacrificial countings to facilitate wetting, as in
under-sodium ultrasonic viewing devices.) Organic-halide polymers,
such as teflon, react violently with liquid sodium even in inert

atmos pheres.
RADIOACTIVE MASS TRANSPORT

Buildup of radioactive species in primary system piping will occur due
to transport of radicactive materials from the reactor core to external
piping and components. Reactors with core outlet temperatures near 500°C
have experienced significant amounts of radicactive mass transport. It is
predicted that reactor operations with core outlet temperatures of 500 to

600°C will produce radiation fields over 1 R/hr in primary system equipment

cells. Experience has shown that maintenance operations are difficult in

such conditions. The activated corrosion products 54Mn and 60

5800, 51Cr, and 59Fe will be present, as will 3H (tritium).

Fission products 137Cs, 140Ba-La, QSZr—Nb and others will be present if

Co, with

lesser amounts of

operation with breached fuel cladding is permitted. It is to be noted that
cladding mass loss rates equivalent to 5 um per year, satisfactory from a
structural integrity standpoint, generate enough radioactive material to

produce high radiation levels in primary equipment cells.
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Experiments with radioactive materials were required since existing

theories do not treat the mass loss of the minor alloying elements manganese

60

and cobalt from stainless steel. The production of ~ Co can be controlled

(but not entirely eliminated) by restricting Co content of in-core materials

54

(the Co is an impurity in nickel), but “"Mn is created by a transmutation

(n,p) reaction on iron. Experiments at 604°C showed the fo]]owing:(lo’ll’lg)

1) Decreasing oxygen content from 2.5 to 0.5 ppm decreased 54Mn

60

release about 30% and decreased ~Co release about a factor of 3.

54 60

2) Almost 10 times as much “'Mn as

54

Co was released, because of

the preferential leaching of
60

Mn and preferential retention of
Co. The overall reduction in radioactivity release at the lower
oxygen level was statistically significant but insufficient to solve

the problem.

3) Use of a hot trap to produce less than 0.01 ppm oxygen in sodium
did not reduce nuclide source rates below those observed at 0.5 ppm

oxygen.

4) There is some evidence that the apparent effect of oxygen level on

60Co transport is indicative of 6000 being transported as an

Fe-Mo-Co rich (90+% iron) particulate species. The Fe release is
dependent on oxygen level. Examination of individual specimens

60

shows a correlation between Fe and Co release.
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5) A 12,000 hour nuclide release experiment at 540°C, 0.5 ppm oxygen
showed much less preferential retention of 60Co then at 540°C,
preferential leaching of 54Mn, and significantly less mass loss.

The 6OCo and 54Mn release was reduced by factors of 1.6 and 3,

34)

respectively, from that at 604°C.( This reduction in nuclide

release is not sufficient to completely solve the problem.

6) Control measures based upon selective deposition are being

developed.
DEPOSITION

Essentially all of the material removed from mass loss regions in a
reactor or test loop is deposited in the circuit; the sodium contains only a
few ppm of metallic and non-metallic species, often less. The deposition
occurs in far downstream regions of hot legs, in decreasing temperature
regions, in cold legs, and under certain conditions, in rising temperature
zones. It is believed that slight reductions in sodium stream temperature
can cause deposition to occur. Because of the mixing of bypass flow (used
to cool the reactor vessel wall) and the flow through the fuel bundles, at
the top of the reactor vessel, most of the piping and components of a loop-

type reactor will be deposition sites.

There are three reasons for characterizing material deposition:

(1) Deposition of radioactive species can create handling and maintenance
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problems (2) The possibility exists for heat transfer to be degraded by

deposited species (3) In some cases, increased pressure drop may occur under

certain geometrical and temperature conditions. The discussion below sum-

marizes results to date; it will be apparent that information on deposition

is much Tless quantitative than that for material loss.

Mass transfer deposits in reactors and piping have been examined by most

groups that did "corrosion" tests. Deposits were of a variety of chemical

forms and morphologies; chief rasults were as follows:

1)

4)

Chromium and cobalt tended to deposit near the release site often
in regions in the hot Teg where definite mass loss of iron and

nickel were still occurring.

Iron tended to deposit uniformly in a test system.

Nickel, manganese, and silicon deposit in heat exchangers and cold

legs.

Radioactive cesium and iodine migrate toward the lower temperature
regions, usually the cold trap. These species have a considerably
higher solubility than the structural materials and will remain in
solution until they can be precipitated in the c¢old trap. The ccld

trap will usually irreversibly remove other species; however,
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5)

6)

7)

8)

9)

10)

because of their low solubility, they most often deposit on primary

system walls.

Iron is usually found as alpha iron or iron oxides. It is theorized

60

that "“Co is associated with alpha iron or iron oxide particulates.

Chromium is usually found as chromium carbide.

Manganese and nickel are often found together in modules in system
cold legs. Mn and Ni are not associated with oxygen. Si deposition

is not well characterized.

The more oxygen in the system, the more oxide in the deposits.

The higher the temperature and the less the oxygen level, the more
adherent the deposits. Metallic species are, in general, more

adherent to the deposition substrate than nonmetallic species.

Deposited radioactive species diffuse into the underlying base

metal in the hot leg, as much as 20 micrometers. The 54Mn in

cold legs is part of the Ni-Mn rich deposit and is mostly deposited

on, rather than diffused into, the meta].(3l)
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11) At temperatures above 400°C, a significant fraction of the
deposited corrosion products are tightly adherent or diffused into

137Cs, 13405, and 1311 are not

the base metal. Fission products
adherent and can be removed by water or alcohol sodium removal pro-
cesses. Alkaline earth and refractory metal fission products such
as 140Ba—La and 95Zr-Nb, as well as {U,Pu) and (U,Th) oxide fuel,
probably exist as insoluble oxides; their adherence to surfaces is

not well characterized.

12)  Al1 radioactive and nonradioactive species have shown a tendency
for more rapid deposition at increased turbulence, at both hot and
cold leg temperatures. This behavior is typical of both atomic and
particulate species. Particles can be filtered out of a sodium
stream. This merely indicates that the filter was a nucleation
site for Aeposition, rather than providing quantitative information.

Particulates, if they exist, are probably smaller than 1 micrometer.

A potential loss of up to 10% of heat exchanger heat transfer capability
has been estimated,(32) from deposition on heat exchanger tubes. This
possibility must be evaluated because of the impact on plant capital cost if
heat exchangers are required to be oversized to accommodate the potential

loss of heat transfer.
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The loss of flow capacity ("flow-impedance phenomena") is recognized as
a phenomenon caused by deposits affecting surface roughness and changing the
friction factor. Actual Toss of flow from physical narrowing of flow
channels would require mass transfer rates at least two orders of magnitude
higher than those observed. This effect is under active 1nvestigation,(33’34)
available data indicate that a crystalline phase containing sodium and silicon

deposits from the flowing liquid upon a small (5o or 10°C) temperature

drop.

Selective deposition, i.e., the preferential deposition of one element on
another one, is observed. This effect is used to develop "nuclide traps",
devices which remove radiocactive species from sodium at predetermined loca-
tions. The concept has great applicability for removing radionuclides away
from primary system components requiring maintenance. For example, pure

54 Oco at 500°C and above:

137

nickel is very effective at removing ~ 'Mn and 6

above,(zs)

13

while various forms of graphite rapidly absorb Cs and

(36)

4Cs in the temperature range 100°-350°c. In-reactor tests of these

devices are in progress. See Figures 11 and 12.
EFFECTS ON PROPERTIES

The sodium effects on the material properties of austenitic stainless
steel are the sum of (1) wall thinning, (2) ferrite layer, (3) intergranular
attack and diffusion zone, (4) loss of strength due to decarburization,

(5) loss of ductility from carburization, (6) crack propagation, and (7) loss
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of fatigue resistance. Some or all of the above may be important. Very
often, the "sodium effects" are difficult to separate from changes in mate-
rial properties occurring from the long exposure in the temperature range
300° to 700°C. This discussion is logically divided into two parts, one
dealing with fuel cladding and one dealing with other reactor components,

since the sodium effects on cladding are more severe.

fuel Cladding

In addition to the loss of cross-section from mass loss, allowance must
be made for effective loss caused by ferrite layer formation and inter-
granular penetration. The sum of these effects can be 50 micrometers for
one year service at 700°C. This amount of material represents about 15%
of the effective wall thickness of present fuel cladding and must be
accounted for in fuel assembly design (similar types of allowances must be
made to accomodate interactions between cladding and fuel on the inner

diameter of the tube).

Added to the effective loss in section thickness is the possible loss of
stress-rupture properties (both time-to-rupture and strain-at-rupture). A1l
annealed and "carbide-agglomerated” 304 and 316 fuel cladding has shown loss
of strength from decarburization and sigma phase formation in out-of-reactor
tests and 30 to 40% loss in stress-to-rupture after 10,000 hours at 705°C.(5)

The only measured loss of strength in the FFTF 20% cold worked 316 stainless
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(28) A1l the above observations were

steel has been reported by Shively.
made at 650°C and above; below 620°C, loss of stress-rupture properties

in 304 and 316 stainless steel from sodium exposure is hardly noticeable,
based upon comparison with control specimens in an argon environment. Loss of
stress-rupture properties in stabilized alloys (321, 347, Alloy 800) is
expected to be Tless because of the absence of carbon loss. The effect of
sodium exposure on creep and stress-rupture behavior in the advanced candi-
date cladding materials must be determined. In-reactor experience of 20%
cold-worked 316 SS has in general been satisfactory. One test fuel assembly
was irradiated in EBR-II in flowing sodium for over 9000 hours at maximum
temperatures of 620 to 700°C, with no cladding breaches, excessive deforma-

tion or measurable decarburization.(13)

Heat Exchanger and Steam Generator Tubes

Because heat exchanger temperatures are'generally Tower (550°C and
below) than those in the core, and walls are much thicker than cladding, mass
loss is not considered important. There is potential loss of carbon in the
maximum temperature region of the secondary side of the IHX, (normally
constructed of austenitic stainless steel) and also from 2-1/4 Cr - 1 Mo
alloy steam generator tubes but the carbon transport rate is likely to be

rather slow. The RAPSODIE(37) (38)

and BOR-60 intermediate heat ex-
changers have operated sucessfully in the 500 to 540°¢C range, but the
units are much smaller (30 thh or less compared to up to 500 thh in future

breeder reactors) and have operated only six years, compared to 30-year life-
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times for breeder plants, hence the long-term effects of sodium environment

are not yet available.

Other Components

For other reactor components, the most outstanding effect of the sodium

environment is to provide a super-clean environment. as in a vacuum system

with a pressure of 10"20 Torr or lower (such vacuum systems do not exist

except in outer space!). Little change in properties is observed; results

of investigations are summarized below:

1)

Fatigue lifetimes and tensile strengths of 304 and 316 SS sheet and
rod increased or were unaffected by sodium exposures at 600 to

(39)

700°¢. The pickup of carbon from test loop sodium was the

cause of the increased strength.

Fatigue cracks in austenitic stainless steel do not propagate more

(40) This fact can be

rapidly in sodium than in vacuum or helium.
attributed to the lack of "wedging" of an oxide phase at the tip of
the crack. This study was limited to pre-cracked specimens, so the
effect of sodium exposure on crack initiation has not been

determined.

At temperatures lower than those of the studies in Item 1 above,

the carbon pickup is likely to produce a carbide phase near or on
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the surface. This phase may be more brittle than the underlying
austenitic matrix, but, as mentioned, cracks will not propagate
rapidly in the steel. The test loop piping used for some of the
cladding stress rupture studies was examined after the tests; 75 to
125 um deep groves did not propagate as cracks even after 17,600

hours at 700°C.

Carbide Precipitation

The precipitation of carbides in the austenitic stainless steels can
affect Tong-term mechanical properties and swelling resistance of fuel clad-
ding; this effect would occur in any environment. Mass transfer (loss or
gain) of the austenitic steels is not noticeably affected by the precipita-
tion. Examination of the regions around weldments in test loops has also

shown no unusual effects because of the weldment.

Load Pads and Low-Friction Surfaces

The need for low-friction sliding surfaces exists several places in a
reactor. The "load pad" on a fuel duct that enables the fuel assemblies to
slide past one another during refueling is an example. Because of the
extremely low oxygen activity of sodium, load pad materials that depended on
the low-friction coefficient of oxide films failed. Chromium carbide and
nickel-aluminide coating materials have been developed which have the
necessary sodium compatibility, low-friction behavior, and stability in an

irradiation environment.(4l’42’43)
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CONCLUSIONS

The published reports included in the discussion above show that a great
deal 1is known about the interaction of sodium with the materials and compo-
nents of liquid-metal-cooled reactors. The transfer of science to technology
is rapid. The present generation of sodium-cooled reactors are being built
with confidence in the soundness of the sodium systems and a long in-sodium
1ife for components. Materials selection and component design are based on

firm, if somewhat conservative, criteria.

Continuing work is needed, however, to refine the technological base in
such areas as in-reactor measurement of corrosion, effect of prolonged sodium
exposure on mechanical properties of metals, and the chemistry of impurities
in sodium. This latter topic includes the measurement and control of inter-

stitial elements and radioactive species.

Sodium is essentially a benign and easily handled heat transfer medium.
The science and technology of liquid metal systems had advanced rapidly.
Without a doubt the use of liquid metal heat transfer systems in energy -
conversion systems other than nuclear fission reactors will increase as the

success of present systems continues to be demonstrated.
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