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FUNDAMENTALS OF LIQUID-METAL CORROSION
W. D. Manly

ABSTRACT

The corrosion of structural metals or alloys in liquid metal is for the most part due
to the dissolving of the various constituents of the metals or alloys by the liquid metal.
The manner in which this dissolution proceeds gives rise to mony types of attack, ranging
from a simple solution-type attack to a deep intergranular attack with the preferential
leaching of one constituent of an alloy., Examples of the many types of corrosion ex-
perienced with solid-metal—liquid-metal systems are illustrated. The role of impurities
on the corrosion is discussed.

In o static one-metal system the solution step stops when the solubility limit is
reached; however, in more complex systems the corrosion of metals can be continued
because of removal of the dissoclved materials from the liquid metal by a temperature
gradient and/or by dissimilar-metal transfer. Thus the transfer of metal from the hot
region of a plumbhing system and its subsequent deposition in the cold zone, and the
transfer of material from one part of the system and its alloying with a metal of different
composition in another part of the system will greatly increase the corrosion as com-
pared to the results obtained in static systems., Examples of temperature-gradient mass
tronsfer and dissimilar-metal transfer are reviewed, and factors governing the occurrence

of these phenomena are outlined.

Corrosion has been defined by U, R, Evans! as
follows: "‘The word corrasion denotes destruction
of metal by chemical or electrochemical action; a
familiar example is the rusting of iron.”” Thus, cor-
rosion by this definition denotes the transfer of
electrons, But this is not usually the case inliquid-
metal attack, and, therefore, to define the destruc-
tion of a solid metal by a liquid metal as corrosion,
this definition must be broadened to allow for the
solution or solubility of a solid metal in a liquid
metal wherein no transfer of electrons is involved.
Liquid-metal corrosion for the most part simply
depends on the solution rate and the extent of
solubility of the solid metal in the liquid metol,
However, many complicating factors can influence
the solution rate or the attainment of the solubility
limit, The formation of surface intermetallic com-
pounds and of oxide or nitride films are good ex-
amples of such factors. OQOther factors are: im-
purities in the liquid metals which can increase
the solution rate, and temperature gradients and
multimetallic systems which can cause an increase

]U. R. Evans, **An Outline of Corrosion Mechanisms,
Including the Electrochemical Theory,’ p 3 of Corrosion
Handbook, H. J. Uhlig, ed, Wiley, New York, N. Y., 1948.

in the amount of attack over that expected to satu-
rate the liguid metal because of the mass trapsfer
of material under the driving force of the tempera-
ture gradient or the concentration gradient.

In the short time that interest has existed in
the corrosion characteristics of liquid metals, many
testing methods have been developed to determine
the interaction between liquid metals and solid
metals, These methods range from the very simple
static capsule test to the expensive and compli-
coted forced-circulation loop tests which carefully
reproduce the operating conditions. The tests and
the manner in which data are derived from them
have been previously described.?

Several types of corrosive attack of solid metals
by liquid metals have been observed.’ In this
discussion the types of liquid-metal ottack will
be arranged into the following categories:

I. simple solution,

2. alloying between liquid metal and solid metal,
3. intergranular penetration,

4. impurity reactions,

2D, C. Vreeland, E. E. Hoffman, and W. D. Manly,
Nucleonics 11, No. 11, 3639 (1953).

3A. deS. Brasunas, ORNL-1647 (Secret).






of a complex alloy the attack can also be a simple-
solution type. An example of this is shown in
Fig. 2, which illustrates the corrosion of type 304
Jow-carbon stainless steel in sodium after 40 hr
at 1000°C. Another attack that might be termed
simple solution is the decarburizing action of
lithium and sodium. Figure 3 illustrates the de-
carburization of type 430 stainless steel after 40
hr at 1000°C in lithium.

If all the phase diagrams of liquid-metal-solid-
metal systems were available, an ascertainment
could be made of the depth of attack that would
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Fig. 1. Even-Surface Removal from Titanium
Specimen After 40 hr in Lead ot 1000°C. 100X.
Reduced 33.5%.
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Fig. 2
Carbon Stainless Steel by Sodium at 1000°C. 75X.
Reduced 34%.

Attack After 40 hr of Type 304 Low-

occur in a static system as a result of simple solu-
tion by examining the solubility limit of the solid
metal in the liquid metal at the operating tempera-
ture. However, there would be no conception of
the rate at which the solubility limit was achieved.
Thus, in looking at the Fe-Li phase diagram in
Fig. 4, it can be seen that the amount of attack
of iron by lithium should be quite small in a static,
isothermal system; and corrosion tests have proved
this.
the amount of damage the solid metal will receive
depends on the ratio of surface area to volume of
the system, but the rate at which the attack occurs
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Therefore, in simple-solution type attack

Fig. 3.

Decarburization of Type 430 Stainless
Steel After 40 hr in Lithium ot 1000°C. 750X.
Reduced 33%.
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can be influenced greatly by other variables, such
as impurities in the system,

The next type of corrosion to be discussed is
the alloying that occurs between liquid metals and
solid metals. For this to result, there must be
some solubility of the liquid metal in the solid
metal. The Ag-Pb phase diagram (Fig. 5) is an
example of a system in which the liquid metal is
soluble in the solid metal. In some experiments
the liquid metal dissolves considerably in the solid
metal with the formation of an intermetallic com-
pound. When vanadium is tested for 400 hr in lead
at 1000°C, an intermetallic compound is formed
between the vanadium and lead, as can be seen
in Fig. 6. When type 446 stainless steel is tested
in lead at 1000°C, it is found that after 400 hr
lead has diffused into the alloy predominantly at
the grain boundaries and has formed a compound
(Fig. 7).
the grain boundaries and will form an intermetallic
compound, which is considerably harder than the
base metal, copper, as illustrated in Fig. 8.

Sodium will penetrate solid copper at

One of the more serious types of corrosion that
can occur is the deep intergranular penetration
brought about by the removal of one constituent
from an alloy. The best example of this is the
selective removal of nickel from austenitic stain-
less steels, and Fig. 9 shows a type 347 stainless
steel after 400 hr of testing in lead at 800°C,
Other examples of this type of corrosion are given
in Figs. 10 and 11, which illustrate the attack on
type 304 low-carbon stainless steel after 400 hr
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Fig. 5. Ag-Pb Phase Diagram.

in lead and in lithium, respectively, at 1000°C.
A considerable portion of the attack is attributed
to the removal of nickel caused by the alloying
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Fig. 6. Vanadium (at Left) Tested for 400 hr in
Lead at 1000°C. Intermetallic compound formed
between the vanadium and lead. 200X. Reduced
14%.
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Fig. 7. Type 446 Stainless Steel Tested for 400
hr in Lead at 1000°C. 200X. Reduced 32%.
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Fig. 8. Copper Capsule—Sodium Test at 1800°F for 100 hr. Sodium penetration into solid copper at
the grain boundaries with the resultant formation of an intermetallic compound.
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Fig. 9. Selective Removal of Nickel from Type Fig. 10. Type 304 Low-Carbon Stainless Steel
347 Stainless Steel After 400 hr in Lead at 800°C.  After 400 hr in Lead at 1000°C. Removal of nickel
250X. Reduced 35%. from the alloy shown. 100X. Reduced 33%.



of the nickel with the iron container wall, and it
is assumed that the attack would have been less
if the specimens and containers had been the same
material. The selective removal of nickel from
a 75% Ni-25% Mo alloy also occurred in a sample
from the hot leg of a thermal-convection loop which
operated for 200 hr with lead at 800°C and with
a 300°C temperature gradient (Fig. 12). In this
case the nickel was preferentially removed from
the hot zone and deposited in the cold zone of the
loop.

UNCLASSIFIED

Fig. 11.
After 400 hr in Lithium ot 1000°C,
nickel from the alloy illustrated. 250X. Reduced
32.5%.

Type 304 Low-Carbon Stainless Steel
Removal of

Fig. 12. Hot Leg of a 75% Ni=25% Mo Thermal-

Convection Loop Operated for 200 hr with Lead at
800°C and with a Temperature Gradient of 300°C,

150X. Reduced 35%.

In liquid metals, impurities, such as oxygen,
nitrogen, and carbon, can have an appreciable
effect upon the rate of attack, and in some cases
the whole mode of attack can be changed because
of the effect of the impurity on the surface tension
or because of the reactivity of the impurity. An
example is the attack of stainless steels by lithium
when nitrogen is the principal contaminant, Figure
13 illustrates the shallow attack produced by pure
lithium at 800°C in 100 hr on type 316 stainless
steel. However, if the lithium is contaminated with
a small quantity of nitrogen, the complete tube
wall, comprising 0.035 in., will be penetrated by
This is
due to the nitrogen-contaminated lithium reacting
with the carbides that form the grain boundary net-
work, since a test in type 316 stainless steel with
lithium that was contaminated with nitrogen re-
sulted in shallow attack when the testing tempera-
ture was above the solution temperature of the

the lithium during the same type of test.

carbides, The true effect of nitrogen on carrosion
by lithium, is not understood. High-temperature
alloys can be severely carburized by liquid metals,
especially sodium and lithium, if the liquid metals
have been stored under kerosene or have acquired
carbonaceous material from some other source.
The carburization, after a long service period, of
type 347 stainless steel by sodium contaminated

with carbon is shown in Fig. 14. In corrosion by
sodium, oxygen impurities can have an appreciable

effect on the rate at which the solubility limit is
attained. In lead the oxygen contamination, if any-
thing, decreases the rate of corrosion since most

UNCL ASSIFIED
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Fig. 13. Very Shallow Attack Produced by Pure
Lithium ot 800°C in 100 hr on Type 316 Stainless
Steel. 250X. Reduced 33%.
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Fig. 14. Complete Carburization After Long-
Time Service of Type 347 Stainless Steel by Sodium
Contaminated with Carbon. 250X. Reduced 32.5%.

of the constituents of high-temperature alloys can
reduce the lead oxide and form a film that will act
as a diffusion barrier between the solid metal and
the liquid.

The most damaging type of liquid-metal corrosion
The even
removal of a slight amount of a container wall will

is temperature-gradient mass transfer.

not adversely affect its load-carrying abilities;
however, the collection of this material in the colder
regions of heat exchanger tubes as dendritic crys-
tals would cause a cessation of flow. An example
of mass-transferred material is seen in Fig. 15,
which is a plug from a type 446 stainless steel
thermal-convection loop that operated 200 hr at
800°C with a temperature gradient of 200°C. These
crystals were primarily alpha iron. Another ex-
ample is the massive matte of mass-transferred
material shown in Fig. 16, which is a plug from
an Inconel-lead thermal-convection loop that oper-
ated for 125 hr at 800°C. In some loop experiments
the crystals do not grow from nuclei in the bulk
liquid, but mass-transferred material nucleates on
the wall; the crystals grow out into the stream as
revealed in Fig. 17, a photograph of iron crystals
formed on a type 410 stainless steel thermal-
convection loop after 40 hr at 1000°C with lithium.
The driving force for temperature-gradient mass
transfer is the difference in solubility of the dis-
solved metal in the liquid metal at the temperature
extremes of the heat-transfer system. In examining
the Cu-Pb phase diagram (Fig. 18), it can be seen
that there is considerable solubility of copper in

B UNCLASSIFIED

Fig. 15. Plug from a Type 446 Stainless Steel
Thermal-Convection Loop That Operated for 200
hr ot 800°C with a Temperature Gradient of 200°C,

These crystals were primarily alpha iron,

lead at 900°C, whereas at 500°C it is much lower.
Thus, by examining the phase diagram, the driving
force for this phenomenon can be determined, but
no information concerning the rate of the process
can be determined.

Figure 19 indicates the various steps in tempera-
ture-gradient mass transfer through which metallic
atoms must go. If there is selective removal of
one element from an alloy, these atoms must diffuse
to the surface and then go into solution. The atoms
must then diffuse through the lamellar layer into
the bulk-liquid stream and are finally carried to
the cold portion of the system where supersaturation
will occur. A collection of such atoms can ac-
cumulate and form a nucleus that will grow to a
stable size and then drop from the liquid. On the
other hand, the atom may supersaturate close to
the wall, diffuse through the lamellar layer, and
then nucleate on the metallic wall and form a den-
dritic crystal, or it may diffuse into the wall. As
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Fig. 16. Plug from an Inconel-Lead Thermal-
Convection Loop That Operated for 125 hr at 800°C
with a Temperature Gradient of 200°C. 3.5X. Re-
duced 11%.

Fig. 17.

lron Crystals Formed in a Type 410
Stainless Steel Thermal-Convection Loop After 40
hr Operation with Lithium at 1000°C.

yet, the rate-controlling step in temperature-gradient
mass transfer has not been found.

To obtain more data on mass transfer in liquid
lead, a series of quartz thermal-convection loops
were operated with various alloys and the elements
comprising the alloys.? Results of these tests

4). ¥. Coatheart and W. D. Manly, A Technique for
Corrc))sion Testing in Liquid Lead, ORNL-1737 (Aug. 5,
1954).
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Fig. 18. Cu-Pb Phase Diagram.
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IF THERE IS SELECTIVE REMOVAL
- OF A CONSTITUENT IN ALLOY, IT
MUST DIFFUSE TO SURFACE

SOLUTION STEP

-

* DIFFUSION THROUGH LAMELL AR LAYER

v

CARRIED TO COLD PORTION OF SYSTEM

COLD LEG
Q@ SUPERSATURATION
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LAMELLAR LAYER
NUCLEATION AND GROWTH ON METALLIC WALL
(OR DIFFUSION INTO WALL)

Fig. 19. Various Steps Through Which Metallic
Atoms Must Go in Temperature-Gradient Mass
Transfer. 200X.



have indicated that the rate-controlling step for
mass transfer by lead at the velocities used in
the thermal-convection loop takes place in the hot
leg and is probably a solution step. For example,
it was found that the formation of an intermetallic
compound, or other type of diffusion barrier, in the
hot zone greatly increases the time that elapses
before a plug occurs in the loop.®

The last type of liquid-metal corrosion to be dis-
cussed is dissimilar-metal mass transfer or.concen-
tration-gradient mass transfer, The best example
that has been obtained at the Oak Ridge National
Laboratory is the interalloying between molybdenum
and nickel (Fig. 20). In this case the molybdenum
sample was being tested in sodium contained in
a nickel crucible, and after 100 hr ot 1000°C a
sufficient quantity of nickel had transferred through
the sodium and deposited and alloyed on the mo-
lybdenum surface to produce the Ni-Mo intermetallic
compound and solid solution. Another example of
this phenomenon resulted in the course of testing
silicon with lithium in an iron capsule. Figure 21
shows that all the silicon has gone into solution
in the lithium and has been carried to the wall of
the iron container where alloying of the iron with
the silicon occurred. Dissimilar-metal transfer
can cause many misleading results as can be seen
in Fig. 22, which illustrates the difference in the
depth of corrosion when type 304 stainless steel
was tested with lithium in two types of containers.
In one case the type 304 stainless steel specimen
was placed in a type 304 stainless steel container,
and the attack was rather shallow. In the second
case the type 304 stainless steel was tested in an
iron container, and the attack was much more se-
vere, which was caused by the selective removal
of nickel that was transported to the iron wall
where it alloyed.

A schematic view of the manner in which dis-
similar-metal mass transfer takes place is seen
in Fig. 23. In this case atoms of metal A go into
solution and move to the surface of metal B either
by diffusion and/or by movement of the liquid.
When they reach the surface of metal B, they come
out of solution, alloy with metal B, and diffuse
inward.  The driving force for dissimilar-metal
transfer is the decrease in the free energy that
is achieved through the alloying of the two metals.

5J. V. Cathcart and W. D. Manly, The Mass-Transfer
Properties of Various Metals and Alloys in Liquid
Lead, ORNL-2008 (Jan. 10, 1956).

The greater the difference in the chemical po-
tentials of A and of B in the two solid phases,
the greater will be the driving force for the oc-
currence of mass transfer. The rate of mass trans-
fer is dependent on the temperature since an in-
crease in temperature will, of course, increase
the diffusion rate in both the liquid and the solid
A high solubility of metal A in B, or B

in A, or both, will also facilitate mass transfer.

phases.

Fig. 20. Interalloying Between Molybdenum and
Nickel by Dissimilar Mass Transfer After 100 hr
at 1000°C. Vickers hardness impressions (50-g
load) indicate relative hardness of the Ni-Mo alloy.

500X. Reduced 32.5%.
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IRON CAPSULE WITH LUMP Si IN Li.
ONE OF TRIPLICATE TEST AT 1000°C FOR 4 hr.
APPROX. 25% Si, 75% Li; 14 -1L

Fig. 21. Dissimilar Mass Transfer That Occurred
Between Silicon and lron in an lron Capsule Con-

taining Lump Si in Li Tested at 1000°C for 4 hr.
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N IRON CONTAINER

Fig. 22. The Effect of Type of Container on the Corrosion of Type 304 Stainless Steel in Lithium at

1000°C for 400 hr.
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METAL B AND
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Fig. 23. Schematic View of the Manner in Which
Dissimilar-Metal or Concentration-Gradient Mass
Transfer Occurs.

CONCLUSIONS

The various types of liquid-metal corrosion have
been explained, and examples have been given;
the driving forces for the various types of liquid-
metal corrosion have been discussed. Liquid-metal
corrosion has been described as mainly the solu-
tion of the solid metal in the liquid metal. The

10

rate-controlling step for the various types of liquid-
metal corrosion has not been determined. For the
successful containment of the liquid metals, the
amounts of impurities, such as oxygen, nitrogen,
and carbon, should be carefully controlled. Future
work in the field of liquid-metal corrosion must
be directed toward increasing the understanding
of the rate-controlling steps of dissimilar-metal
transfer and temperature-gradient mass transfer,
When this has been accomplished, corrective meas-
ures can then be taken to keep these types of
corrosion to a minimum.
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