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THE EFFECT OF OXYGEN ON THE CORROSION OF 
NIOBIUM AND TANTALUM BY LIQUID LITHIUM 

R. L. Klueh 

ABSTRACT 

The effect of oxygen on the corrosion of niobium and 
tantalum by liquid lithium at 600°C was studied with static 
capsules. An increase in the oxygen concentration of the 
lithium from 100 to 2000 ppm had no measurable effect on the 
dissolution of either refractory metal, a result that is con-
trary to the effect of similar oxygen concentrations in sodium 
and potassium. Exposure to lithium reduced the oxygen content 
of niobium and tantalum to <20 ppm regardless of the oxygen 
concentration of the lithium. These results agree with ther-
modynamic calculations that predict that the equilibrium 
distribution coefficient (i.e., the ratio of the oxygen con-
centration in the refractory metal to that in lithium) is 
very much less than unity. 

When the oxygen concentration of niobium and tantalum 
exceeded a threshold level, lithium (with no oxygen added) 
penetrated the refractory metal. Penetration resulted from 
the formation of a ternary oxide on grain boundaries or pre-
ferred crystallographic planes and proceeded by a wedging 
mechanism, caused by stresses generated by the corrosion 
product. 

Penetration was along grain boundaries at low oxygen 
concentrations, the attack depth and number of affected 
boundaries increasing with increasing oxygen concentration. 
At higher oxygen concentrations, transgranular attack also 
occurred. The threshold oxygen concentrations for attack 
(grain-boundary penetration) were determined to be 400 and 
100 ppm for niobium and tantalum, respectively. 

INTRODUCTION 

Liquid alkali metals, because of favorable thermal properties and 
high heat transfer coefficients, are attractive as coolants and heat 
transfer media for nuclear reactors and as working fluids in power con-
version systems. For example, one proposed Rankine cycle system for a 
space power application uses a compact lithium-cooled nuclear reactor 
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that delivers heat to a potassium-cooled heat exchanger-boiler. The 
potassium is vaporized, drives a turbine, is condensed, and is recircu-
lated. 1 Because such systems will operate at temperatures too high for 
conventional iron- and nickel-base alloys, the refractory metals tantalum 
and niobium or their alloys will be required. 

Another potential application for lithium is the production of power 
by nuclear fusion.2*3 Planning studies for fusion reactors based on the 
deuterium-tritium reaction envision the use of lithium as a tritium 
breeder, neutron moderator, and, depending on the energy conversion sys-
tem chosen, coolant and heat transfer medium. Niobium, vanadium, molyb-
denum., and their alloys are being considered as containment materials. 

Corrosion studies of refractory metal-^alkali metal systems have 
shown that these metals are highly resistant to mutual dissolution. 
However, impurities such as oxygen can produce two types of corrosion 
effects in these systems, depending on whether the impurities are present 
in the alkali metal or the refractory metal. An increase in the oxygen 
concentration of the alkali metal increases the dissolution of the 
refractory metal in the alkali metal. Furtherrore, for niobium and 
tantalum in potassium4"6 and sodium,7""9 oxygen migrates from the lefac-
tory metal to the alkali metal. Two mechanisms have been proposed to 
explain the effect of oxygen in the alkali metal: (1) oxygen increases 
the solubility of the refractory metal in the alkali metsl, and 

*A. P. Fraas, Nucleonics 22, 72 (1964). 
2W. C. Gough and B. J. Eastland, Soi. Am. 224(2), 50 (February 1971). 
3D. J. Rose, met. Fusion g, 183 (1969). 
hk. P. Litman, The Effect of Oxygen on Corrosion of Niobium by 

Liquid Potassium, ORNL-3751 (July 1965). 
SR. L. Klueh, Corrosion 25, 416-22 (1969). 
6R. L. Klueh, Corrosion 28, 360-76 (1972). 
7G. E. Raines, C. V. Weaver, and J. H. Stang, Corrosion and Creep 

Behavior of Tantalum in Flowing Sodiums BMI-1284 (August 1958). 
8R. L. Klueh, Corrosion 27, 342-46 (1971). 
9R. L. Klueh, Met. Trans. _3, 2145 (1972). 
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(2) a nonadherent ternary oxide (i.e., an oxide that contains atoms of 
both refractory metal and alkali metal) forms on the refractory metal 
surface. 

We have reported on the behavior of oxygen in the niobium-potassium,5 

o e Q 
niobium-sodium, tantalum-potassium, and tantalum-sodium systems at 
600 C. For the systems containing niobium, oxygen increased the apparent 
solubility of the refractory metal, and no third condensed phase (ternary 
oxide) was present when the oxygen concentration of the sodium and potas-
sium ranged from 50 to 2000 ppm. We used the Wagner10 thermodynamic 
interaction parameters to describe the increased solubility in terms of 
the effect of oxygen on the activity coefficient of the niobium in the 
alkali metal. With the interaction parameter formalism, we were able to 
explain the migration of oxygen from the niobium to the sodium and 
potassium. 

For the tantalum systems6'9 over the same oxygen concentration range, 
dark surface scales were noted, and we concluded that a ternary oxide 
phase was present at the test temperature; NaTa03 was identified in the 
tantalum-sodium studies. These results do not indicate fundamental 
differences in the niobium and tantalum systems. In both systems, 
when the oxygen concentration of the alkali metal is increased, the first 
precipitate (corrosion product) is a ternary oxide. However, our testr. 
show that the solubility of the ternary oxide is much less for the tan-
talum systems than the niobium systems. Note that this does not con-
tradict the conclusions on the effect of oxygen on niobium, for those 
conclusions were made independent of atomic mechanisms. The increased 
solubility in the niobium systems is obviously the result of interactions 
between species in solution, but the interaction parameter treatment 
implies nothing about the atomic or molecular species that are present. 
The observed effect could be the result of interactions between two or 
three of the species; that is, "dissolved ternary complexes" may be 
precursors of the first ternary oxide precipitate. 

10C. Wagner, Thermodynamics of Alloys3 Addison-Wesley, Cambridge, 
Mass. (1952). 
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The oxygen that is dissolved in tantalum or niobium also plays a 
major role in the corrosion of either refractory metal by sodium or 
potassium. If the oxygen concentration of the refractory metal exceeds 
a certain threshold, the metal is penetrated by the alkali metal, either 
intergranularly or along specific crystallographic planes. The threshold 
concentration depends upon the refractory metal, alkali metal, and tem-
perature; the threshold for intergranular penetration is less than that 
for transgranular penetration. 

Penetration is believed to be the result of ternary oxide formation 
within the solid.11 We have proposed that penetration proceeds by a 
wedging mechanism,12 because the ternary oxide that forms has a larger 
volume than the refractory metal from which it forms. The pressure of 
the low-density corrosion products that form in a confined region — on a 
grain boundary or a specific lattice plane — wedges open the refractory 
metal in front of the corrosion products to form a crack. Liquid metal 
is then drawn to the crack tip by the low pressure of the freshly formed 
crack and by capillary action. 

The only previous studies on the niobium-oxygen-lithium and tantalum-
oxygen-lithium systems were on the effect of oxygen in the refractory 
metal. Hoffman13 first observed that oxygen in niobium led to lithium 
penetration. DiStefano11 studied in detail the effect of oxygen in 
niobium on lithium penetration, primarily at 815°C; he also tested oxygen-
doped tantalum in lithium at 815°C. Brehm et al.14 studied the penetra-
tion of niobium bicrystals by lithium at 800, 900, and 1000°C. The effect 
of oxygen in lithium on niobium or tantalum, however, has not previously 
been studied. The tests here reported complete our comparative studies 

1XJ. R. DiStefano, Corrosion of Refractory Metals by Lithium, 
ORNL-3551 (March 1964). 

R. L. Klueh, pp. 177—96 in Corrosion by Liquid Metals, ed. by 
J. E. Draley and J. R. Weeks, Plenum Press, New York, 1970. 

13E. E. Hoffman, Effects of Oxygen and Nitrogen on the Corrosion 
Resistance of Columbium to Lithium at Elevated Temperatures, ORNL-2675 
(Jan. 16, 1959). 

14W. F. Brehm, Jr., J. L. Gregg, and Che-Yu Li, Trans. Met. Soc. 
AIMEj 242. 1205 (1968). 
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of the effect of oxygen on the compatibility of niobium and tantalum with 
potassium, sodium, and lithium at 600°C. 

EXPERIMENTAL 

Static capsules of the design shown schematically in Fig. 1 were used 
to study the compatibility of niobium and tantalum with lithium at 600°C. 
The test system consisted of a refractory metal specimen (99.9% purity) in 
contact with lithium in a capsule of the same material as the specimen. 
The refractory metal capsule was wrapped in tantalum foil and encapsulated 
in a stainless steel container for protection from air oxidation during 
test. Capsules were loaded and welded in an argon atmosphere chamber to 
prevent contamination of the lithium or refractory metal. 

To determine the effect of oxygen in lithium, the oxygen concentra-
tion was varied by making weighed additions of Li20 to lithium previously 
purified by zirconium gettering at 800°C. To determine the effect of 
oxygen in the refractory metal, oxygen was added to the niobium or tan-
talum test specimens at 1000°C at an oxygen pressure of 8 x 10~5 torr 
in a vacuum system with a controlled oxygen leak. After oxidation, the 
specimens were homogenized in vacuum at 3.400°C; homogeneity was tested 
by microhardness measurements. The oxygen concentration of the refrac-
tory metal, before and after test, was determined by vacuum fusion or 
fast-neutron activation analysis. Since the rate of penetration of 
refractory metals is extremely rapid,11'12 the threshold oxygen concen-
trations were determined by simultaneously exposing to lithium several 
niobium and tantalum specimens (doped to various oxygen levels) for 
20 hr in type 304L stainless steel capsules. Separate capsules were 
used for niobium and tantalum. 

For all tests, the capsules were heated to 600°C with the specimens 
in the vapor zones of the capsules. When the system reached temperature, 
the capsule was inverted to expose the specimen to the liquid. After 
test, the capsules were again inverted, quenched in liquid nitrogen, and 
opened in an inert-atmosphere chamber; the lithium was removed by dis-
solving in chilled isopropyl alcohol. Lithium was recovered from the 
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Fig. 1. Schematic Diagram of the Test System. 
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alcohol as lithium fluoride, and the amount of niobium or tantalum present 
in the lithium fluoricie was determined by spectrographs analysis. The 
extei. c of penetration of oxvgen-doped niobium or tantalum was determined 
by metallographic examination. 

RESULTS 

The Effect of Oxygen in Lithium 

Table 1 lists the results of tests designed to determine the effect 
of oxygen in lithium on nxubium and tantalum at 600°C. In five tests 
for each system, nominally pure capsules and specimens were exposed to 
lithium with varying additions of LizO. Two other capsules of each 
material contained oxygen-doped specimens and will be discussed in the 
next section. 

After test, all specimens were bright and shiny and appeared unaf-
fected by the lithium. All results indicated that the oxygen in lithium 
did not enhance the dissolution of the refractory metal. For both systems, 
the amount of metal in the lithium after test was less than ^he limit of 
detection (<10 ppm), and, as seen in Table 1, the spec•• pieii? showed 
essentially no weight change. (The consistent 0.1-mg weight gain in the 
niobium specimens may have been due to systematic balance error. The 
weight change of the oxygan-doped specimens was the result of penetration 
and will be discussed below.) 

Our attempts to determine the after-test oxygen concentration of the 
undoped niobium and tantalum by vacuum fusion analysis gave spurious 
results, since the concentration was near the lower limit of detection. 
Fast-neutron activation analysis showed that in all cases the tantalum 
and niobium contained less than 10 and 20 ppm 0, respectively. Evidently, 
the lithium, with its high affinity for oxygen, gettered most of the 
oxygen from the refractory metal specimens; that is, th«2 oxygen disti ibu— 
tion coefficients are extremely small. The lithium concentration of 
selected niobium and tantalum specimens was determined, and the results 
are given in Table 1. When analyzed in the as-tested condition, the 



Table 1. Effect of Oxygen on the Compatibility 
of Niobium and Tantalum with Lithium 

Initial Oxygen 
Concentration3 

in Lithium 
(ppm) 

Oxygen Concentration of 
Refractory Metal, ppm 

Before*3 After 

Specimen 
Weight Change 

(mg) 

Lithium in Refractory Metal,^ ppm 

Before Surface After Surface 
Removal Removal 

Niobium 
100 80 <20e +0.1 <5 
600 80 <20e +0.1 

1100 80 <20e +0.1 <5 
1600 80 <20® +0.1 
2100 80 <20e +0.1 
100 1100 490b -0.6 
100 2200 1400b -14.4f 

Tantalum 

620 

100 70 <10e 0.0 10 <5 
600 70 <10e 0.0 

1000 70 <10e 0.0 20 <5 
1600 70 <ioe 0.0 
2100 70 <ioe 0.0 30 <5 
100 1100 170b -3.4 320 
100 1900 304b -5.0 660 500 

Oxygen added as L12O to lithium containing about 100 ppm 0. 
k 
Determined by vacuum fusion analysis. 

CSpecimen size: 1 x 0.5 x o.04 in. 
^Before test, the materials contained <5 ppm Li. e Determined by fast-neutron activation analysis. 
Specimen was quite brittle and broke during removal from the container; therefore, the 

measured weight loss is probably high. 
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undoped niobium specimens showed no indications of having picked up 
lithium, whereas the undoped tantalum specimens showed a small lithium 
uptake that increased with the amount of before-test oxygen in the lithium 
(the lithium concentration of the oxygen-doped specimens will be dis-
cussed below). To determine the distribution of the lithium in tantalum, 
the external surfaces were filed and the lithium concentration again 
determined. As seen in Table 1, lithium was not detected after surface 
removal. Evidently, the lithium in the undoped tantalum was contained in 
a thin surface layer — perhaps an oxide that formed during cooling. 

The Effect of Oxygen in the Refractory Metal 

When the oxygen concentration of the niobium or tantalum exceeds a 
threshold level, the refractory metal is penetrated by the lithium. 
Figure 2 shows photomicrographs of niobium and tantalum specimens that 
contained about 1100 and 2000 ppm 0 (well above the threshold level) 
before lithium exposure. It is obvious from these photomicrographs that 
niobium and tantalum differ in severity of attack for a given oxygen 
concentration. That lithium is involved ih the attack is clearly shown 
by the large amount of lithium found in these specimens after test 
(Table 1). 

To determine the, threshold oxygen concentrations for penetration at 
600°C, series of oxygen-doped specimens were simultaneously exposed to 
lithium for 20 hr, and the extent of penetration was determined by metal-
lographic examination. Table 2 indicates the measured intergranular and 
transgranular penetrations, weight changes, and changes in oxygen con-
centration for niobium.. We concluded that the threshold oxygen concentra-
tion was approximately 400 ppm. 

In tantalum specimens doped to approximately 50, 150, 200, 300, 400, 
600, and 800 ppm 0, only the specimen with 50 ppm showed no attack. The 
specimen with 150 ppm was completely penetrated along grain boundaries. 
Transgranular attack was noted in the specimen with 200 ppm, and trans-
granular penetration was complete in the specimen containing 400 ppm 0. . 
Changes in weight and oxygen concentration could not be determined in the 
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Fig. 2. Oxygen-Doped Niobium and Tantalum Exposed to Lithium for 
500 hr at 600°C. 100x. (a) Niobium with 1100 ppm 0. (b) Tantalum with 
1100 ppm O. (c) Niobium with 2200 ppm 0. (d) Tantalum with 1900 ppm 0. 
In (d). note how grain-boundary attack has caused grains to fall out of 
the specimen. 
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Table 2. Effect of Lithium on Oxygen-Doped Niobium at 600°C 

Depth of Penetration, in. 
Oxygen Concentration, ppm Weight 

Average Maximum Change 
Before After Inter- Trans- (mg) 

granular granular 

320 230 0 0 - 0 . .3 
450 410 0. ,0007 0 - 0 . .1 
600 600 0. ,004 0 0. .0 
910 590 0. ,016 0. ,0002 - 0 . .2 

1110 700 0. ,020 0. ,002 +0. .1 
1250 770 0. ,020 0. ,006 +0. .3 
1400 690 0. ,020 0. .007 - 0 . .5 
1640 1020 0. ,020 0. .014 +0. .5 

di 
Specimens were simultaneously exposed to lithium for 20 hr in a 

container of type 304L stainless steel. 
Specimens were 0.040 in. thick; penetration to 0.020 in. repre-

sents complete penetration. 

case of tantalum because of the severity of attack, which caused surface 
grains to fall out and, in some cases, caused the entire specimen to fall 
apart. The threshold concentration for tantalum was concluded to be 
100 ppm. 

The weight change data of Tables 1 and 2 reflect the following: 
absorption of lithium t:o form the corrosion product, loss of oxygen to the 
lithium, and loss of surface grains as a result of grain-boundary penetra-
tion. Any oxygen that is not tied up as a ternary oxide can diffuse from 
the refractory metal to the lithium in accordance with the exceedingly 
small oxygen distribution coefficient for the system. Indeed, in view 
of the high affinity of lithium for oxygen, the ternary oxide within the 
refractory metal would be metastable and tend to dissociate with the 
oxygen migrating to the liquid. Dissociation would be quite slow, however, 
because of the penetration morphology. Note that the oxygen concentrations 
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of the. impenetrated specimens in Table 2 are not equilibrium values, 
since the specimens were exposed for only 20 hr at 600°C. 

We made several interesting observations on the niobium specimens 
that were transgranularly penetrated. Figure 3 shows a niobium specimen 
that contained 1600 ppm 0 before lithium exposure (the origin of the 
unusual grain structure — one half large grains, one half small grains — is 
not completely understood) and indicates that transgranular penetration 
depends strongly upon grain size. In the smaller grained material, trans-
granular penetration depths are less than those in the larger grained 
material. Attack was generally stopped by the first grain boundary encoun-
tered and did not appear on the other side of the boundary; the only 
exceptions were occasional very narrow grains. 

Comparing the penetration depths in the two large grains in Fig. 3 
clearly shows that the depth of transgranular penetration depends on the 
orientation of the penetrated planes relative to the external surface 
(DiStefano15 has shown that transgranular penetration occurs on {110} 
planes). The abrupt halt of penetration in the large grain to the right 
of Fig. 3 appears to have occurred at a grain boundary. However, the 
discontinuous etching of the boundary and the fact that it intersects the 
grain boundary that comes in from the surface at about 90° indicates that 
this is probably a subboundary (small-angle boundary), again an indication 
of the dependence of penetration on orientation. 

Figure 4 shows photomicrographs of niobium specimens that contained 
1250, 1400, and 1650 ppir< 0 before lithium exposure. The maximum depth of 
transgranular attack and the density of penetration platelets both increase 
with oxygen concentration. Figure 4 also shows no transgranular penetra-
tion in a region immediately adjacent to a grain boundary. This occurs 
because intergranular penetration precedes transgranular penetration and 
thus exhausts the matrix oxygen near the grain boundary.16 

15J. R. DiStefano, Corrosion of Refractory Metals by Lithium, 
ORNL-3551 (March 1964). 

16R. L. Klueh, pp. 177—96 in Corrosion by Liquid Metals, ed. by 
J. E. Draley and J. R. Weeks, Plenum Press, New York, 1970. 
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Y-97256 

Fig. 3. Niobium That Contained 1600 ppm 0 and Was Exposed to 
Lithium for 2 hr at 600°C. Note the effect of grain size on penetra-
tion depth. 100*. 

The greater susceptibility of tantalum to lithium attack was further 
substantiated by the appearance of the tantalum capsules used in the tests 
of Table 1. When the capsules were removed from the stainless steel 
outer containers, each one was discolored and showed evidence of lithium 
leakage. Since no macroscopic failures could be detected, we concluded 
that lithium had penetrated the tubing walls, which contained about 
200 ppm 0. This conclusion was confirmed by metallographic examination, 
as shown in Fig. 5. The niobium capsules, which also contained about 
200 ppm 0, were unaffected. 

Penetration is extremely rapid. We attempted to study the penetra-
tion kinetics at 600°C by exposing 0.035-in.-thick tantalum specimens 
containing approximately 600, 1200, and 3000 ppm 0 to lithium for 0.5, 1, 
and 2 hr. After test, all specimens were completely penetrated; Fig. 6 
shows the specimen with 600 ppm 0 exposed for 0.5 hr. 
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Fig. 4. Niobium Specimens 
(c) 1600 ppm 0 and Were Exposed 

That Contained (a) 1250, (b) 1400, and 
to Lithium for 20 hr at 600°C. 200x. 
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Fig. 5. Tantalum Tubing That Contained 200 ppm 0 and Was Exposed 
to Lithium for 500 hr at 600°C. 50x. 

Fig. 6. Tantalum That Contained 600 ppm 0 and Was Exposed to 
Lithium fcr 0.5 hr at 600°C. 100x. 
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The penetration of niobium and tantalum by alkali metals was previ-
ously shown to result from the formation of ternary oxides on grain 

17 1ft 
boundaries or preferred crystallographic planes. > Generally, when 
the specimens are examined metallographically, the attacked regions show 
up as holes, indicating that the corrosion product dissolved during polish-
ing and etching. For the tantalum specimen that contained 1100 ppm 0, 
however, a definite second phase was observed early in the polishing pro-
cedure, Fig. 7(a), but was no longer visible after prolonged polishing 
or etching, Fig. 7(b). 

DISCUSSION 

To thermodynamically calculate an oxygen equilibrium distribution 
coefficient (i.e., the ratio of the oxygen concentration of the refractory 
metal to that of the alkali metal), cne assumes that the refractory metal 
and the alkali metal are immiscible and that the first oxides formed are 
the respective binary oxides. In our studies on niobium19'20 and 
tantalum » with potassium and sodium, these assumptions were not valid; 
the refractory metal dissolved in the alkali metal, and the first oxides 
formed were ternary. For oxygen added to lithium, however, these assump-
tions appear valid, although the experimentally determined distribution 
coefficient cannot be quantitatively compared with the calculated value 
because the final oxygen concentration of the refractory metal cannot be 
accurately determined. It is obvious from Table 1, however, that the 
experimental distribution coefficient is very much less than unity, which 

17W. C. Gough and B. J. Eastland, Soi. Am. 224(2), 50 (February 1971). 
18J. R. DiStefano, Corrosion of Refractory Metals by Lithium, 

0RNL-3551 (March 1964). 
19R. L. Klueh, Corrosion 25, 416-22 (1969). 
20G. E. Raines, C. V. Weaver, and J. H. Stang, Corrosion and Creep 

Behavior of Tantalum in Flowing Sodium, BMI-1284 (August 1958). 
21R. L. Klueh, Corrosion 28, 360-76 (1972). 
22R. L. Klueh, Met. Trans. 3, 2145 (1972). 
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Y-85938 

Fig. 7. Tantalum That Contained 1100 ppm 0 and Was Exposed to 
Lithium for 500 hr at 600°C. (a) Unetched, (b) etched. Note the white 
phase in the unetched specimen. This phase disappeared on further 
polishing and etching. 500x. 
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agrees with calculation. Since equilibrium is not reached for the pene-
trated specimens, the distribution coefficient calculation is not 
applicable. 

With the completion of the lithium tests, the effects of oxygen on 
the compatibility of niobium and tantalum with lithium, sodium, and 
potassium can now be compared. Oxygen in sodium and potassium (up to 
2000 ppm) greatly increased the dissolution of niobium and tantalum: 
niobium by increasing its solubility in the liquid,19,23 tantalum by 
forming a nonadherent ternary oxide.21'22 Oxygen in lithium, on the other 
hand, did not affect the dissolution of tantalum or niobium. 

In Table 3 we list the standard free energies of formation for binary 
oxides of the metals under discussion. Lithium oxide is most stable, and, 
as the present experiments show, once the oxygen is in the lithium, it is 
stable with no tendency to interact with refractory metal atoms. Oxygen 
in sodium or potassium under similar conditions is unstable. Rather than 
forming binary oxides, however, ternary oxides are favored, and indica-
tions are that tantalum forms the more stable ternary. 

Comparison of threshold oxygen concentrations for grain-boundary 
penetration shows that, for a given alkali metal, the threshold for tan-
talum is consistently less than that for niobium. For a given refractory 
metal, the threshold for penetration by lithium is less than that for 
sodium, which is less than that for potassium. 

Assuming that penetration by the various alkali metals results from 
analogous oxidation products, we conclude that the ternary oxides of 
tantalum and niobium with sodium and potassium are more stable (i.e., 
their free energies of formation are more negative) than the binary oxides 
of tantalum and niobium; furthermore, the ternary oxide of tantalum with 
& given alkali metal is more stable than that of niobium, while the 
ternary oxide of sodium with a given refractory metal is more stable than 
that of potassium. The lithium ternary oxide is most stable, but probably 
not as stable as the binary lithium oxide (this conclusion is reached 
because oxygen in lithium does not enhance dissolution). Since free 

23R. L. Klueh, Corrosion 27, 342-^6 (1971). 
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rable 3. Standard !?ree Energies of 
Formation of Oxides at 600°Ca 

Oxide 
Standard Free Lnergy 

of Formation 
(kcal/g-atom 0) 

Li20 -114 
Ta205 -81 
Nb205 -73 
Na20 -70 
K 20 -57 

A. Glassner, The ThemKi chemical 
Properties of the Oxides3 FhiorideSj and 
Chlorides to 2500°X, ANL-5750 (1957). 

energies of formation for the ternary oxides are unavailable, these 
conclusions cannot presently be confirmed. 

The above discussion Cem be used to illustrate the considerations 
required when selecting a refractory metal—alkali metal combination for 
a given application. The starting oxygen concentration or oxygen contam-
ination during operation appears less important for lithium than for 
sodium and potassium, since oxygen in these latter alkali metals enhances 
the dissolution of niobium or tantalum. Irrespective of the alkali metal, 
however, any oxygen in niobium or tantalum or any contamination of these 
metals during operation obviously must be avoided. These are important 
considerations for any fusion reactor in which lithium would be contained 
by niobium, since any oxygen contamination of the niobium would be cata-
strophic. Oxygen effects in the niobium can be greatly reduced by adding 

2 L 2. 5 
zirconium, hafnium, or yttrium, which show a high affinity for oxygen. » 
Vanadium or a vanadium alloy is also under consideration as a potential 
containment material for fusion reactors. Although vanadium is embrittled 

2itJ. R. DiStefano, Corrosion of Refractory Metals by Lithium, 
PRNL-3551 (March 1964). 

C. E. Sessions and J. H. DeVan, Effect of Oxygen, Heat Treatments 
and Test Temperatur-e on the Compatibility of Several Advanced Refractory 
Alloys wzth Lithium, ORNL-443C (April 1971). 
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by oxygen, there are no indications that lithium penetrates oxygen-
contaminated vanadium. » To date, however, there have been no studies 
on the effect of oxygen in lithium on vanadium-lithium compatibility. 

In addition to the above speculations concerning the applicability 
of these results to the fusion reactor, we might also speculate on 
analogous effects that must be considered for the fusion reactor. Lithium 
is thus only alkali metal with a measurable nitrogen solubility. Since 
lithium nitride does not have the high stability of lithium oxide, inter-
actions ii> the lithium between lithium, refractory metal, and nitrogen 
atoms (similar to the oxygen interactions with niobium and sodium23 or 
potassium2') appear possible. 

DiStefano and Litman28 gave data of Leavenworth and Cleary that 
indicate that the solubilities of niobium and titanium in lithium increase 
with increasing nitrogen concentration in the lithium and stated: "Both 
niobium and titanium are stronger nitride formers than lithium. Therefore, 
the addition of nitrogen to lithium may lower the activity coefficients 
of niobium and titanium and thereby raise their solubilities." No indica-
tions of the change in nitrogen concentration of the niobium or titanium 
during exposure were given, so it is not possible to verify this possibil-
ity. Assuming they are correct, however, we can use the data given28 to 
estimate large negative thermodynamic interaction parameters for nitrogen 
similar in magnitude to those found for oxygen in the niobium-sodium 
and niobium-potassium29 systems. Furthermore, the effect of nitrogen on 
niobium appears greater than that on titanium;28 niobium forms a less 
stable nitride than titanium. There are no data on the effect of nitrogen 
in lithium on vanadium. Vanadium forms a less stable nitride than nio-
bium, although vanadium nitride may also be slightly less stable than 
lithium nitride.30 

0 fi 

R. L. Klueh, Unpublished Research. 
27R. L. Klueh, Met. Trans. 3, 2145 (1972). 
28J. R. DiStefano and A. P. Litman, Corrosion 20, 392t-99t (1964). 
29R. L. Klueh, Corrosion 25, 416-22 (1969). 
30L. S. Darken and R. W. Gurry, Physical Chemistry of Metals, 

McGraw-Hill, New York, 1951. 
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