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THE EFFECT OF OXYGEN IN STATIC SODIUM ON VANADIUM
AND VANADTUM ALLOYS

R. L. Klueh and J. H. DeVan

ABSTRACT

Static capsule tests were used to investigate the effect
of oxygen in sodium on vanadium and vanadium alloys. When
unalloyed vanadium in a vanadium capsule was exposed at 600
and 800°C to sodium that contained up to 1500 ppm O, the
specimen and capsule gettered all the oxygen. Vanadium spec-
imens were also exposed to sodium containing up to 4000 ppm O
at 600°C in capsules of type 304L stainless steel and molyb-
denum. Except when the sodium contained over 2000 ppm 0, all
oxygen was gettered. We concluded that the oxygen distribu-
tion coefficient between vanadium and sodium, that is, the
ratio of the oxygen concentration in the vanadium to that in
the sodium, at equilibrium, is greater than 10%.

To compare the effect of oxygen in sodium on various
vanadium alloys with that on unalloyed vanadium, specimens
of the alloys and unalloyed vanadium were simultaneously
exposed to sodium containing 2000 ppm 0. Alloys tested were:
V5% Cr, V-10% Cr, V=15% Cr, V—20% Ti, v-15% Cr—5% Ti,
v-1.3% Zr, V-5% Zr, V—20% Mo, Vanstar 7, Vanstar &, and
Vanstar 9. The results on the alloys can be divided into
two groups: alloys that formed internal oxides and those
that did not. Of the alloys tested, only the chromium alloys
and the V—20% Mo did not form internal oxides. Both chro-
mium and molybdenum lowered the solubility of oxygen in
vanadium, results that were explained in terms of the effect
of chromium and molybdenum on the activity coefficient of
oxygen in vanadium. The remainder of the alloys contain
dissolved titanium or zirconium, which precipitate oxides
when oxygen is gettered by these materials. Observations
on the internally oxidized alloys are discussed in terms of
existing internal oxidation theory.

INTRODUCTION

Because vanadium and several vanadium alloys have favorable nuclear
cross sections, good fabricability, excellent high-temperature mechani-

cal properties, resistance to high-temperature radiation damage, and




compatibility with nuclear fuels, they are being considered as possible
nuclear fuel cladding materials for a Liquid-Metal Fast Breeder Reactor
(LMFBR). Since the cladding will be exposed to a liquid sodium coolant,
a major part of the testing of vanadium alloys has concerned their
compatibility with sodium at 500 to 800°C. The results from various
corrosion studies on vanadium alloys are in qualitative agreement and
show that compatibility depends strongly on the oxygen concentration of
the sodium.1™*

When exposed to hot-trapped sodium (i.e., sodium purified by contin-
uous passage over a heated active metal, e.g., zirconium chips at 600°C),
vanadium and vanadium alloys show small weight gains that are attributed
to oxygen absorption. In cold-trapped sodium (sodium is cold trapped by
passing it through a low-temperature zone to precipitate sodium oxide)
vanadium and vanadium alloys usuvally show heavy weight losses due to the
formation and spallation of nonadherent surface scales. In cold-trapped
systems, oxygen is also absorbed by the matrix, but the weight thus
gained is negligible compared to the weight lost by scale spallation.

The oxygen absorbed by the matrix is in one of two forms, depending
on the alloying elements:’ for unalloyed vanadium and vanadium alloyed
with elements that form less stable oxides than vanadiun, the oxygen is
in solid solution; for alloying elements that form more stable oxides
than vanadium, the absorbed oxygen forms an oxide precipitate of the
alloying component (i.e., internal oxidation occurs).

Internal oxidation of vanadium-titanium and vanadium~aluminum alloys
leads to the formation of a "hardened zone" immediately below the external
surface in the absence of an external scale, and immediately below the
scale when one is present.l_4 The depth of the hardened zone, which is
the extent of internal oxidation, increases with time.l™ We previously
showed” that internal oxidation of vanadium-titanium alloys in sodium

6

follows the kinetics derived by Wagner® when no external scale forms and

7

that by Rapp and Colson’ when internal oxidation occurs along with exter-

nal scale formation.
In this report we discuss an investigation of the effect of oxygen
in sodium on vanadium and vanadium alloys using a series of static capsule

experiments. The object was to determine the effect of oxygen in sodium



on the compatibility of wvanadium with sodium and to determine the role

of various alloying elements on the compatibility.

EXPERIMENTAL

Two types of static capsule tests were run. 1In the first experi-
ments, where the object was the determination of the effect of oxygen
in sodium on vanadium, commercial vanadium was tested in vanadium cap-
sules of the type shown schematically in Fig. 1; Table 1 lists the
starting compositions for the 0.04-in. vanadium sheet used to make the
specimens and the vanadium tubing used for capsule material. A wvanadium
specimen was in contact with the sodium in a vanadium capsule, which, in

turn, was encapsulated in a protective stainless steel container (Fig. 1).
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Fig. 1. Schematic Drawing of Corrosion Test Capsule Used to Study
Oxygen Effects in Vanadium-Sodium System.



Table 1. Chemical Analysis of Vanadium Used in
Vanadium-Sodium Experiments

. a
Impurity Concentration,  ppm
Element
Tubing Sheet
0 1300, 1600 1900
H 2, 10 <1
N 500, 580 570
C 170, 180 470
Ni < 10 100
Si 80 80
Ti 40 20
Zr 10 20
Cr < 4 40
Cu 10 20
Fe 200 500
Mg 20 40
Mn 4 80

aTwo values indicate duplicate determinations.

Tests were conducted at 600 and 800°C for times up to 600 hr. The oxygen
concentration of the sodium was varied by weighed additions of Na,0. In
addition, two series of the 600°C tests were conducted with molybdenum
and type 304L stainless steel capsules.

In the second type of test, the object was to compare the effect of
oxygen in sodium on various alloys with the effect on unalloyed vanadium
at 600°C. 1In these tests a capsule design similar to Fig. 1 was used,
but two specimens — the alloy being tested along with a specimen of
unalloyed vanadium — were simultaneously exposed to sodium that contained
2000 ppm O in a capsule of type 304L stainless steel. Stainless steel
was used because the tests on unalloyed vanadium showed little mass trans-
fer between stainless steel and vanadium at 600°C. The alloys tested were:”
V5% Cr, V=10% Cr, v-15% Cr, V—20% Ti, V-15% Cr—5% Ti, V-1.3% Zr, V—5% Zr,
V—20% Mo, Vanstart 7 (Vv—9% Cr—3% Fe—1.3% Zr—0.05% C), Venstar 8 (V—8% Cr—
10% Ta~1.3% zr—0.05% C), and Vanstar 9 (V—6% Fe—5% Wb—1.3% Zr—0.05% C).

*Compositions are in percent by weight.

TVanstar is a Westinghouse trade designation.



Table 2 lists the actual compositions of the alloys along with the
amounts of interstitial impurities present. The vanadium specimens for
these tests were made from special high-purity material obtained from
the U.S. Bureau of Mines that was melted, cast, and rolled to 0.04-in.
sheet (Table 2). This same vanadium was used for making the V-Cr, V-Zr,
and V-Mo alloys. The V—20% Ti, V~15% Cr—5% Ti, and the Vanstar alloys
were obtained from Westinghouse Astronuclear Laboratory as 0.04-in.

sheet.

Table 2. Chemical Analysis of Vanadium and Vanadium Alloys
Used in Comparative Tests

Content, wt % Content, wt ppm
Cr Ti Zr Mo Fe Nb Ta C 0 N

v 70 80 8
V-5% Cr 5.41 80 120 60
v-10% Cr 9.92 140 20 55
V-15% Cr 4.4 60 150 10
V-15% Cr—5% Ti 14.9 5.0 90 890 90
V—20% Ti 19.7 130 830 &0
V-1.3% Zr 1.35 110 130 40
V5% Zr ANGYA 150 210 45
V—20% Mo 20.5 70 150 60
Vanstar 7 9.4 1.2 3.3 640 1000 90
Vanstar 8 8.4 1.1 8.9 570 900 90
Vanstar 9 1.2 6.2 5.2 600 1000 95

Specimens 1 X 3/8 X 0.04 in. were used for all tests and were vacuum
annealed for 1 hr at 900°C. Since vanadium and sodium react with air,
all loading and welding operations were carried out in an argon atmo-
sphere chamber. The capsules were heated to the test temperature in the
inverted position, then rotated at temperature to expose the specimen to
the sodium. After test the capsules were inverted and quenched into
liquid nitrogen. The oxygen concentration of the specimens and capsules

(both before and after test) was determined by either vacuum fusion or



fast-neutron activation analysis. For those tests where the after-test
vanadium concentration of the sodium was determined, the sodium was dis-
solved in isopropyl alcchol and recovered from it as sodium fluoride;
then the amount of vanadium in the sodium fluoride was determined by

spectrographic analysis.

RESULTS

Unalloyed Vanadium

The first tests consisted of a series of static capsule tests
designed to measure the oxygen partitioning between unalloyed vanadium
and sodium and compare the effect of oxygen in sodium on vanadium with
our previously reported8 findings on the effect of oxygen in sodium on
niobium. A vanadium capsule was used, and tests were conducted for
500 hr at 600°C and 100 hr at 800°C.

listed in Table 3.

The results of these tests are

Table 3. Change in Weight and Oxygen Concentration of
Vanadium Specimens Exposed to Sodium Containing
Various Amounts of Oxygen

Initial Specimen Final
Temperature Oxygen Height Oxygen
(°c) Content of Ga?nb Content o£
Sodium® (mg) Specimen
(ppm) e (ppm)
600 50 0.2 1900
250 0.3 12900
550 0.4 2100
850 1.1 2200
1300 1.6 2300
800 50 0.0 1900
250 0.0 1900
550 0.2 1900
850 0.6 2000
1250 1.1 2000

a
Oxygen was added as Na,O.

bSpecimen dimensions: 1 X 0.5 X 0.040 in.

“Initial oxygen cocntent of vanadium specimen was 1900 ppm.




The vanadium specimens gained weight in proportion to the amounts
of Nay0O added to the sodium. An oxygen mass balance showed that during
test, the vanadium specimen and capsule picked up essentially all the
oxygen added to the sodium. The surfaces of the specimens exposed at
800°C showed no indication of external scale formation, but the two
specimens exposed to the highest oxygen concentrations at 600°C darkened
slightly.

Because of the large amount of oxygen picked up by the vanadium
capsule, we sought a capsule material that would interact less with the
oxygen interchange between the vanadium specimen and the sodium. Similar
tests were therefore made at 600°C with capsules of molybdenum and
type 304L stainless steel. Molybdenum was chosen because it was thought
to be relatively inert to oxygen interactions; stalnless steel was chosen
because of its interest for the LMFBR.

Table 4 shows the change in weight and oxygen concentration of the
vanadium specimens as a function of the amounts of Na,0O added to the
sodium. Unlike in the all-vanadium system, where the external surfaces
of specimens exposed to high-oxygen sodium darkened only slightly, the
specimens in these latter tests had scales: black in the molybdenum
capsules and dark gray in the stainless steel capsules.

The specimens from these tests were analyzed for oxygen by fast-
neutron activation analysis before and after test, and some of the speci-
mens were reanalyzed after the external scale was removed. In all cases,
scale removal lowered the oxygen contént, indicating that the scale
contained oxygen. Measurement of specimen thickness before and after
scale removal showed scale thicknesses to be about 0.0005 in. The mea-
sured changes in oxygen concentration in the specimens generally agree
with the measured weight gains; that is, the percentage of the oxygen
picked up by the vanadium specimens decreased as the oxygen concentration
in sodium increased. The decrease was quite significant for the molyb-
denum capsules: the vanadium specimens picked up only 50% of the oxygen
available from sodium containing 4000 ppm O and about 75% from sodium
containing 2000 ppm O. For the stainless steel capsules, on the other
hand, all capsules showed essentially all oxygen was recovered except

for the capsule with 4000 ppm 0, where 91% of the oxygen was recovered.



Table 4. Change in Weight and Oxygen Concentration of
Vanadium Specimens Exposed to Sodium Containing
Various Amounts of Oxygen at 600°C

Initial Specimen OxygegaCoggentrationb in
Oxygen Oxygen . nadium, ppm
Exposure Contenta of Added Welght After Test
(hr) - Gain Before - -
Sodium (mg) (1) With Without
(ppm) e Test Scale Scale
Molybdenum Container
100 2000 15.5 9.4 1240 4120 3310
200 1800 15.6 9.4 1240 4080 3360
300 1950 15.5 4.6 1220 5760 4740
400 1950 15.5 13.3 1330 5340 c
500 1800 15.5 14.6 1270 5780 c
500 50 1.3 1290 1420 1220
500 450 3.9 5.0 1230 2950 2720
500 1000 7.8 8.9 1290 4350 3700
500 4000 31.1 14.3 1300 6150 c
Type 304 Stainless Steel Container
100 2000 14.2 7.2 1220 4390 2930
200 2050 14.2 7.8 1310 4900 3200
300 2050 14.2 12.0 1270 6170 3910
400 2050 14.2 10.0 1250 5200 c
500 2050 14.2 11.2 1270 6210 c
500 50 0.5 1270 1470 1250
500 550 3.6 3.8 1220 3040 2340
500 1100 7.1 7.6 1310 4630 3440
500 4000 28.6 20.6 1190 9790 c

anygen was added as Na,O.

bOXygen concentrations were determined by fast-neutron activation
analysis.

CSpecimen was sectioned for chemical analysis of the external film.

Attempts to determine the nature of the external scales by x-ray
diffraction were unsuccessful, probably because the film was too thin.
The vanadium specimens were analyzed to determine if there was dissimilar
metal mass transfer from the capsules. The molybdenum concentration of
the vanadium tested in molybdenum capsules increased to 500 to 700 ppm
from less than 10 ppm, which indicates a considerable increase in the
molybdenum content at the specimen surface, because little molybdenum

can diffuse into the specimen at 600°C. The vanadium specimens exposed




to sodium in the stainless steel capsules contained about 200 ppm Fe and
100 ppm Ni, essentially the same as before test; chromium, carbon, and
nitrogen also showed no change. The deposition of molybdenum on the
specimen surface may account for the decrease in the percentage of oxygen
recovered from the molybdenum capsules at the higher oxygen concentrations.

The sodium was analyzed after test to determine the concentration of
vanadium and container metals present; the results are given in Tables 5
and 6. Again, molybdenum is present in the largest amounts, an espe-
cially interesting result since molybdenum is generally thought to be
inert to liquid alkali metals. The addition of vanadium and oxygen to
the system evidently alters the compatibility.

Metallographic examination revealed no microstructural changes of
the vanadium specimens, although the microhardness increased because of
the increased oxygen concentration. If a layer of molybdenum was depos-
ited on the specimens exposed in the molybdenum capsules, it was too thin

to be resolved in the optical microscope.

Table 5. Concentrations of Dissolved Metals in Sodium After
Exposure of Vanadium in Molybdenum Capsules at 600°C

Initial Concentration of Metal
EX%Ei§re Cgizizi or in Sodium, ppm
Sodium \ Mo
(ppm)
100 2000 12 230
200 1800 7 290
300 1950 8 240
400 1950 18 290
500 1800 32
500 50 6
500 450
500 1000 8

500 4000 68
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Table 6. Concentrations of Dissolved Metals in Sodium After
Exposure of Vanadium in Stainless Steel Capsules at 600°C

Initial
Ex?gs?re C2§¥i§2 of Concentration of Metal in Sodium, ppm
r Sodium v Fe Ni Cr
(ppm)
100 2000 7 100 3 10
200 2050 13 130 2 20
300 2050 3 35 1 2
400 2050 12 95 3 8
500 2050 19
500 50 0.2
500 550 16
500 1100 16
500 4000 25

Vanadium Alloys

To compare the effect of oxygen in sodium on the alloys of Table 2,
p. 5, with that on unalloyed vanadium, specimens of each alloy and
unalloyed vanadium were simultaneously exposed to sodiun containing
2000 ppm © in type 304L stainless steel capsules. After test, all speci-
mens showed weight gains and had black or dark brown scales of varying
thicknesses; weight gains and changes in the oxygen concentrations of the
specimens are given in Table 7. 1In all cases the weight gains could be
accounted for by the change in oxygen concentration (i.e., the amount of
weight gained was in good agreement with the weight of oxygen added to
the sodium as Nago); this indicates that there was little or no mass
transfer from the capsule. Surface scales were scraped from several of
the specimens and analyzed by thermal neutron activation, but only vana-
dium and sodium were detected; Fe, Ni, and Cr were absert. Likewise, no
change in carbon and nitrogen was detected.

The test materials were examined metallographically before and after
the 600-hr exposure. For the unalloyed vanadium and the alloys with
chromium and molybdenum, Fig. 2 shows no obvious effects of the exposure,
only some grain growth, which is expected from the time at temperature.

However, the alloys that contained titanium or zirconium developed a zone
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Table 7. Oxygen Concentration of Vanadium and Vanadium Alloys Exposed
to Sodium Containing 2000 ppm O at 600°C

Oxygen Concentration, ppm

Weight Change, & ng

Alloy EXE(’ ;’f‘l)lre Vanadium Vanadium Vanadium V:ri?_i;um
Alloy —_—
After Before After
v—5% Cr 100 7.1 4.9 5010 106 3850
200 7.6 3.7 4630 130 3470
300 6.5 3.8 4760 3280
600 6.4 3.1 5060 3580
V-10% Cr 100 7.4 3.9 5390 89 2890
200 8.1 3.3 5820 82 2840
300 7.5 2.4 5310 2320
600 9.1 3.2 6030 2810
v-15% Cr 100 9.1 2.4 6250 147 2280
200 9.1 1.7 6360 123 1950
300 10.3 1.3 6830 1740
600 9.8 0.8 7080 1560
V—20% Ti 100 8.8 3.7 6220 840 3620
200 7.7 3.4 5580 3640
300 7.1 3.3 5200 4020
600 6.8 4.3 4990 970 5070
V-15% Cr—5% Ti 100 8.7 0.9 6170 970 2780
200 9.2 1.0 6220 1040 2950
300 5.9 1.2 4150 2790
600 7.1 1.8 4880 3100 ‘
v-1.3% Zr 100 5.6 5.1 3940 175 4510 |
200 3.7 4.0 3030 110 3740
300 5.0 5.8 4250 132 5000 |
600 4.8 6.0 4020 121 5200
V-5% Zr 100 5.2 7.2 3910 228 5330
200 4.5 6.7 3850 220 5220
300 3.7 7.4 3600 212 5520
600 3.6 7.5 3320 196 5670
v—20% Mo 100 5.4 2.2 4090 184 2830
200 4.7 0.4 4120 134 2490
300 6.9 1.5 5980 155 2910
600 7.4 1.2 6470 133 2980
Vanstar 7 100 8.7 0.8 5850 940 3010
200 11.0 1.4 6790 980 2800
300 7.6 1.1 5230 2930
600 10.5 1.7 5540 3110
Vanstar 8 100 7.2 4.8 4930 750 4340
200 6.6 3.1 4780 800 3390
300 6.9 3.2
600 5.9 3.3 4430 3690
Vanstar 9 100 9.1 5.5 6420 1040 5010
200 7.4 4.7 5330 1120 4360
300 5.9 3.7 4650 4110
6C0 7.9 3.8 6050 4230

#a11 specimens were 1 X 3/8 X 0.04 in.

5100 3520
bOxygen concentration before test was approximately 80 ppm.

o
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Table 9. Microhardness Profiles for Vanadium and Alloys that Do Not
Oxidize Internally, Exposed to Sodium with 2000 ppm O at 600°C

Distance Vickers Hardness Numbers (50-g Load)

from

Rdge Before 100 pr 600 hr Before 100 pr 600 hr
(Mm) Test Test

Vanadium™ V-5% Cr
20 60 425 250 100 375 210
80 60 350 275 100 205 230
200 50 250 250 110 190 230
300 50 120 240 110 145 240
400 100 240 125 240
V-10% Cr V-15% Cr
20 130 430 265 215 355 310
80 125 305 240 1920 340 320
200 140 325 240 215 327 285
300 145 175 240 215 270 285
400 175 225 285
v—20% Mo

20 194 431 299

80 194 326 299

200 194 276 303
300 255 299
400 236 299

aVanadiumspecimens exposed with the V-=15% Cr specimens.

conclusions. Table 9 shows that the non-internal-oxidizing alloys
exposed to sodium for 100 hr have hardness gradients that disappear after
600 hr, indicating that equilibrium was reached in 600 hr. However,
equilibrium is not approached in 600 hr for the vV—20% Ti, V-15% Cr-5% Ti,
and the vanadium-zirconium alloys (Table 10). An abrupt hardness change
in going from the internal oxidation zone to the oxygen-unaffected zone
is readily detected. Little or no gradient is detected for the Vanstar

alloys after 600 hr.
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Table 10. Microhardness Profiles for Vanadium Alloys that Oxidize
Internally, Exposed to Sodium with 2030 ppm O at 600°C

Distance Vickers Hardness Numbers (50-g Load)

from Before Before

Edge eror 100 hr 600 hr 100 hr 600 hr
Test Test

(um)

V—20% Ti V—-15% Cr—5% Ti

20 720 1195 620 720

50 285 242 620 235 270 620
100 285 242 235 235 242 235
200 287 242 235 210 242 235
300 290 242 235 240 192 235
400 242 235

V-1.3% Zr V—5% Zr

40 96 287 287 130 326 341
100 26 326 287 130 137 341
200 95 312 246 130 120 130
350 25 117 192 130 117 130
500 117 126 117 130

Vanstar 7 Vanstar &

40 200 382 270 191 558 380
100 200 382 287 191 392 380
200 190 230 287 180 290 287
350 190 230 255 180 220 300
500 232 255 220 287

Vanstar ©

40 500 330
100 226 430 330
200 230 340 330
350 230 265 299
500 275 287

DISCUSSION

Unalloyed Vanadium

A mass balance for oxygen in the tests that used venadium capsules
at 600 and 800°C showed that essentially all the oxygen added to the
sodium was transferred to the vanadium specimens and capsules during test.

The results at 600°C differ significantly from those obtained for niobium
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8 TFor example, niobium containing

under otherwise similar test conditions.
70 ppm O acquired oxygen only when the oxygen concentration in the sodium
exceeded 1000 ppm. Even then, the amount of oxygen transferred was only
a small fraction of the total amount present in the sodium. Thus, the
equilibrium distribution coefficient, defined as the ratio of oxygen in
the vanadium (or niobium) to that in the sodium, is much greater for the
vanadium-sodium system than for the niobium-sodium system.

The amount of vanadium present in the sodium after test was tempera-
ture dependent but independent of the amount of oxygen initially added to
the sodium (approximately 40 and 200 ppm V at 600 and 800°C, respectively,
Table 3, p. 6). This behavior also contrasts with the niobium-sodium
system, where the niobium concentration in the sodium increased sharply

8  One further distinction between

with oxygen additions to the sodium.
vanadium and niobium or tantalum concerns the influence of the initial
oxygen concentration of the solid. At oxygen concentrations as high as
those initially present in the vanadium (1600 to 1900 ppm), niobium and

° YVana-

tantalum at 600°C undergo rapid intergranular attack by sodium.
dium, however, showed no evidence of sodium attack, a difference in
behavior that probably reflects the difference in the solid solubility

of oxygen in the materials. At 600°C, 1900 ppm O in niobium or tantalum
is near to or above the solubility limit, whereas it is only about 20%

of the solubility limit for vanadium.

The oxygen content of sodium after test was not determined directly,
but by a mass balance calculation one can estimate the equilibrium dis-
tribution coefficient for oxygen between vanadium and sodium. For the
tests in the stainless steel capsules, where all the oxygen was picked
up by the specimen, we estimate that the distribution coefficient at 600°C
approaches a value of 104, in good agreement with the more accurate
determination of Smith and Kassner,?® who found a value of 1.5 X 10, In
contrast to the niobium-oxygen-sodium system,8 the distribution coef-
ficient for the vanadium-oxygen-sodium system is in order of magnitude
agreement with the value calculated theoretically.

In the previous section we concluded that the molybdenum that had

transferred to and deposited on the vanadium specimen surfaces may have

led to the decreased oxygen pickup. If we assume that the 700 ppm Mo is
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evenly deposited on the specimen surface, the thickness of the molybdenum
layer would be about 0.3 um. These results indicate that it may be use-
ful to investigate the use of molybdenum coatings to protect vanadium

from oxygen during sodium exposure.

Vanadium Alloys

For discussion, the vanadium alloys can be divided into two groups:
(1) alloys that contain elements forming less stable oxides than vana-
dium, and (2) alloys that form more stable oxides than vanadium and thus
oxidize internally.’ Since zirconium and titanium form more stable oxides
than vanadium, only the three chromium alloys and the V-20% Mo alloy are
not capable of forming internal oxides.

Both the weight changes and the oxygen analyses reveal that chromium
strongly affects the oxygen partitioning between sodium and the alloy.
The V=5% Cr gained less oxygen than unalloyed vanadium, while the alloys
with higher chromium gained progressively less (Table 7, p. 11). Note
also that the V-15% Cr gained less oxygen at longer tess times than at
the shorter times, suggesting that oxygen redistributed between the alloy
and the companion vanadium specimen. Mass balance calculations show that
essentially all the oxygen initially in the sodium is picked up by the
two specimens within the first 100 hr — probably by the formation of
external oxides. Then, during the subsequent time at temperature, two
processes occur: the oxygen diffuses into the two specimens and is
redistributed between the vanadium and the alloy.

Both the hardness measurements (Table 8, p. 13) and calculations
based on the diffusion rate of oxygen in vanadium at 600°C indicate that
equilibrium for oxygen in the vanadium-chromium alloys and V—20% Mo is
approached in 600 hr. Therefore, the results can be used to compare the
equilibrium distribution coefficients for oxygen between sodium and these
alloys with the corresponding coefficient for unalloyed vanadium. The

distribution coefficient for the alloy is defined as

J-cr _ CO(V-Cr)/CO(Na) (1)
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and that for unalloyed vanadium as

KV : CO(V)/CO(Na) (2)
(v) (Na)

(V-Cr) C , and CO are the equilibrium weight fractions of

0 770
oxygen in the alloy, vanadium, and sodium, respectively. Then, since the

where C

specimens are exposed to a common sodium phase,

KV-Cr/KV _ e (V—Cr)/CO(V) - (3)

0

Figure 7 shows the effect of chromium composition on the ratio of dis-
tribution coefficients as determined in these tests and compares the

values with distribution coefficients reported by Kassner and Smith.!?
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The decrease in the distribution coefficient caused by chromium
additions can be attributed to the effect of chromium on the solubility
of oxygen in vanadium and can be described in terms of the effect of

chromium on the activity coefficient of oxygen in vanadium. If the
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standard state for oxygen in the two specimens is taken to be the same,

then at equilibrium the activities are equal. Therefore,

(v-Cr) , (v) _ _ (v), (v-Cr)
70 /7o = g/, ) (4)
where the 7O(V-Cr) and 7O(V) are the activity coefficients for oxygen in
the alloy and vanadium and NO(V_Cr) and NO(V) are the corresponding atom

fractions of dissolved oxygen. Because vanadium and chromium have nearly
the same atomic weight, the ratios of atom fractions ard weight fractions
are essentially equal. Therefore,

(V-Cr)/7

(v) _ . (v),, (v-Cr)
0 ~Co /co ’ (5)

70
and this ratio can be calculated from the data in Fig. 7 and Eq. (3).
We can introduce the interaction parameter formalism of Wagnerl? to
represent the effect of chromium on the activity of oxygen in vanadium

as

(V>€ (Cr) (6)

o “o cr S0 ’ .
(3)

where €5 is the interaction parameter that empirically describes the
interactions between the solutes present (all interactions higher than

first order have been dropped). When Henry's law applies to the vanadium-
(0)

0 = 0, and Eq. (6) can be rewritten as

zn[yo(V—Cr>/7o(v)] (Ve () )

oxygen binary, €

V-Cr v
(v-0r) 1, ()
] against N that is shown in Fig. 8.7

The ¢ (cr) 1 [which

O
equals En(CO

can be determined from the plot of En%y
O
(v (v-Cr) L
CO

Equation (7) is obeyed (linear) up to Nop = 0.1, and
(Cr)

. ~7.5, 0<N, <O0.1. (8)

Cr

A similar explanation applies to the V—20% Mo alloy; that is, molyb-

denum decreases the solubility of oxygen in vanadium. For V-20% Mo,

- M
KV O/KV ~ 0.45. Since 20 wt % Mo is about 11 at. %, comparison with

Fig. 7 shows that equal atom fractions of molybdenum and chromium
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Fig. 8. The Effect of Chromium on the Activity
Coefficient of Oxygen in Vanadium.

(both are Group VI A elements) affect the distribution. coefficient and
thus the solubility of oxygen similarly.

The V—20% Mo exposed to the sodium for 100 and 600 hr showed, in
addition to the grain growth previously discussed, grain boundary crack-
ing and the formation of small grains at the surface of the specimen on
the edge perpendicular to the rolling direction (Fig. 9). DNo cracks or
small grains (Fig. 10) were found in the material before test (as
annealed), indicating that the cracks may be due to oxygen, the prolonged
anneal at 600°C, or a combination of both.

Because of a more complicated oxygen absorption process for the
alloys that oxidize internally, they are not in equilibrium after 600 hr
at 600°C. During internal oxidation, oxygen diffuses into the alloy and
reacts with the alloying element to precipitate an insoluble oxide at an

advancing reaction front parallel to the external surface.
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Rapp’® has reviewed the kinetics of internal oxidation as derived
by Wagner6 under the conditions of a constant surface concentration and
no external scale formation. For the special case where the alloying
element is oxidized in situ (i.e., only oxygen diffuses), the distance
from the surface to the reaction front & (i.e., the depth of internal

oxidation) is given byl?

£ = [2N0<S)DtO/VNBO]2 , (9)

(s)
where NO

NBO the concentration of the alloying component, DO the diffusion coef-

is the concentration of oxygen in the alloy at the surface,

ficient of oxygen in the base metal, t the time, and v the ratio of
oxygen to metal atoms in the oxide precipitate.

Because of different boundary conditions, Eq. (9) is not directly
applicable to the present studies; however, it can be used in a qualita-
tive discussion of the results. The inverse dependence on the concentra-
tion of alloying component is obvious in Table 8, p. 13; note the
increasing depths of penetration (at constant times) with decreasing
zirconium or titanium. Compare also the depths of penetration for the
two alloys that contain titanium, and note that although the V—20% Ti
contains four times as much titanium as the V-15% Cr—5% Ti alloy, the
penetration of the latter exceeds that for V—20% Ti to a lesser extent

than expected from Egq. (9). This probably reflects the decrease in

(s)
NO
solubility of oxygen in vanadium, as discussed above).

brought about by the addition of 15% Cr (chromium lowers the

Although the Vanstar alloys contain 1.3% Zr, the internal oxidation
zone is not easily detected metallographically. Table 10, p. 19, however,
shows definite indications of a hardened zone. Because of variations in
hardness measurements, we cannot draw quantitative conclusions from such
data. Nevertheless, if we compare the hardness profiles of Vanstar &,
Vanstar 9, and V-1.3% Zr, it appears that penetration is complete after
600 hr in the Vanstar alloys but not in the V-1.3% Zr alloy. The data
for Vanstar 7 are unclear.

If we examine the weight changes and changes in oxygen concentration

given in Table 7, p. 11, we find much less oxygen is picked up by the
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Vanstar alloys than the vanadium specimens that simultaneously contacted
the sodium and less than the amount picked up by the V=1.3% Zr. As
opposed to the large amount of oxygen picked up by the V—1.3% Zr between
100 and 600 hr, very little oxygen was picked up by the three Vanstar
alloys during this same time period. These observations indicate that
internal oxidation for the Vanstar alloys is complete and these alloys
are approaching equilibrium.

After all of the internal oxidation element — zirconium for the
Vanstar alloys — is reacted, equilibrium between the alloy and the
unalloyed vanadium will be reached by a redistribution of the remaining
oxygen (oxygen not tied up as zirconium oxide) between the two specimens.
The final oxygen concentration of the alloy will be that tied up in the
oxide precipitate plus that in solution.

Table 7 shows that Vanstar 7 gained less weight and oxygen than
either Vanstar & or Vanstar 9. Since the ratio of chromium atoms to
other atoms in Vanstar 7 and Vanstar 8 is about equal, a first guess is
that the increased pickup of oxygen by Vanstar & is due to tantalum.
Because of the similarity of tantalum and niobium, we would suspect that
the increased pickup in Vanstar 9 is due to the niobium. These changes,
therefore, are an indication of the relative effect of chromium, tantalum,
and niobium on the solubility of oxygen in vanadium (tantalum and niobium
are present in equal atom percents in Vanstar 8 and Vanstar 9, respec-
tively). That is, all three components decrease the solubility, but
chromium is more effective than tantalum or niobium. Needless to say,
this is but a guess, for it ignores carbon and requires that chromium
and iron have essentially the same effect on the oxygen solubility in
vanadium (Vanstar 9 contains iron, but no chromium).

In the above discussion of the Vanstar alloys, we have not explained
the apparent change in either NBO or v that, in accordance with Eq. (9),
leads to the increased penetration rates for the Vanstar alloys. That
(s) " then W

0
or v must also decrease if complete penetration is to occur more rapidly

is, if Cr, Fe, Ta, and Nb lower the oxygen solubility, N

than it does in V=1.3% Zr. The effective NBO (i.e., the amount of

zirconium available to form oxide) could be lowered if some zirconium
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precipitate in this region. The a/B phase transformation has not been
observed for unalloyed vanadium similarly oxidized in a sodium or gaseous
environment, an indication that the oxygen concentration for the transfor-
mation is lower in the vanadium-titanium system, possibly because of the

internal stresses generated by the titanium oxide precipitate.

SUMMARY AND CONCLUSIONS

Vanadium and vanadium alloys getter oxygen from sodium. The equilib-
rium distribution coefficient for the partitioning of oxygen between
unalloyed vanadium and sodium is greater than 10, For unalloyed vana-
dium, V-5% Cr, v-10% Cr, V-15% Cr, and V—20% Mo, oxygen dissolves in the
matrix to form a solid solution. Both chromium and molybdenum lower the
equilibrium distribution coefficient by lowering the oxygen solubility in
vanadium.

The other alloys tested — v—20% Ti, v-15% Cr—5% Ti, V-1.3% Zr,

V=5% Zr, and three Vanstar alloys — contained elther titanium or zirco-
nium and formed internal oxide precipitates. The interal oxidation zone
moved into the specimen interior with time, was harder than the oxygen-
unaffected zone, and was visible metallographically. W= explained the
observations with existing internal oxidation theory.

Major conclusions are:

l. Cr, Mo, Fe, Ta, and Nb lower the solubility of oxygen in
vanadium; tantalum and niobium affect solubility to a lzsser degree than
chromium, molybdenum, and iron.

2. Alloys that contain either titanium or zirconium (and thus form
an internal oxide) getter more oxygen than the same alloys without the
titanium or zirconium. After internal oxidation, the oxygen is present
in two forms: oxygen in the precipitated oxide and oxygen dissolved in
the alloy matrix; the concentration of dissolved oxygen probably approaches
the equilibrium solubility for the same alloy without the internal oxida-
tion component (titanium or zirconium). -

3. Internal oxide precipitates harden the lattice and thus

embrittle the material.
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4. Tt follows from (2) and (3) that vanadium alloys that contain
titanium or zirconium are inferior to alloys without the titanium or

zirconium for use in a sodium system.
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