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INTRODUCT 11,

Screening studies of the oxidation chir rlstlcs of binary al{oys
of columbium (Ref. 1) showed that chromium was an additive element worthy
of intensive study. The screening studies showed that chromium additions :
were especially helpful in decreasing the oxidation rate of columbium at
lOOOO C and were somewhat less beneficial at 1200O C. It is the purpose
of this investigation to study the oxidation characteristics of binary
columbium-chromium glloys in mpre detail.

Inouye (Ref. 2) has shown that above 600° C in air columbium scales
according to the linear rate law. Brauer (Ref. 3) reported that the only
oxide formed at elevated temperatures has the formula Cb,0g and exists in
three allotropic forms. The low-temperature, or L-form, is stable between
SOOQ and 900%)@; the intermediate temperature, or M-form, is stable between
1000° and 1100° C; and the high temperature, or H-form, exists above 1100°
C. Contrary to this, H-Cby0g5 has been reported (Ref. 2) to form during
the oxidation of pure columbium at temperatures as low as 800° C. L-Cby0g
is isomorphic with TasOg (Ref. 3), and, according to Zachariasen (Ref. 4), ™
it has a pseudohexagonal orthorhombic crystal StrEqﬁEEeCu ?he structures of

nul

the M and H forms are not known, but they are s1m11ar +sto each other and
cover.

quite different from L-Cb,0g (Ref. 3). Kubaschewskl«(Ref 5) tentatively

lists Cb,0g as a metal-excess semiconductor. The»colorhof cqlumblum oxide

is white to yellow-white. "é" UNAULILD
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Numerous investigations have shown that chromium oxidizes in air
above 500° C in a parabolic manner (Ref. 6). The green oxide, Cry04, is
the only stable oxide in air at elevated temperatures. Its crystal struc-
ture has been reported as hexagonal (Ref. 7) and as orthorhombic (Ref. 8),
There is also some question as to whether CrZOS is metal-excess (Ref. 9)
or metal-deficit (Ref. 10). |

Columbium and chromium form an intermetallic compound, CbCr,, as in-
dicated in the phase diagram in Fig. 1 (Ref. 11). The solubility of chro-
mium in columbium is limited to about 12 to 13 atomic percent even at the
high temperature of 1500° C and is undoubtedly less at lower temperatures.

The free energy of oxidation of columbium is much lower than that of
chromium, so that the oxide formed on columbium-chromium alloys with high
columbium concentrations would tend to be substantially Cbs05. Chromium
would be expected to be present as the plus-3 ion, corresponding to the
Cr+3 ion in CrZOS' Because the Cr+3 ion and the Cb+5 ion are very similar
in size, a high degree of solubility of chromium in the oxide of columbium
can be expected. The replacement of Cb+5 ions by ions of similar size but
lower valence might stabilize the scale and make it mechanically more sound.
This was suggested by the results of the screening studies (Ref. 1).

In the present detailed studies, continuous weight-gain curves were
determined at 8000, lOOOO, and 1200° C for columbium.-alloys containing 0.8
to 11.6 atomic percent chromium. From these curves the degree of protection
could be determined.

PROCEDURE
Specimens were prepared from high purity (99+percent) -325 mesh .

columbium from Fansteel Metallurgical and electrolytic chromium powders by




the powder metallurgy method described in reference 1. The specimens - -
were in the shape of diskg, measuring l/2-inch in diameter by approxi-
mately l/8—inch in thickness (approx. 2 grams in weight). Processing
details are summarized in table I. Sintering was done in both purified
argon and vacuum.

The processing of the alloys was complicated by the high volatility
of chromium at the sintering temperatures. This made the control of .
both the composition and porosity: difficult. Although the starting com-
positions contained as much as 17 atomic percent chromium; the final
composition after sintering was limited to about 12 atomic chromium.

Three groups of columbium-chromium alloys were prepared as shown in
table 1. Group 1 specimens were sintered in vacuum and lost considerable
chromium. The use of argon during sintering group 2 specimens was rea-
sonably successful in reducing the loss of chromium except for the 17
a/o chromium alloy. Group 3 specimens were sintered an extra half hour
at 3500° F to increase their homogeneity. The nominal compositions of -
the group 3 alloys were selected on the bases of results from the first
two groups and the use of argon during sintering again reduced chromium
losses.

The densities listed in table I were determined from the differences
in the weights of sintered specimens suspended in air and in water, and
compared with a theoretical density calculated by assuming a solid solu-
tion. (Neither density measurements nor X-ray diffraction studies were
performed on group 1 specimens due to a lack of a sufficient number of

samples.)



The specimens with low chromium contents were ductile and easily re-
pressed at room temperature. At high chromium contents (about 7 percent
and more) the specimens were more brittle and increasingly difficult to
repress without cracking. This brittleness is érobably associated with
the presence of a second phase in the grain boundaries (Fig. 2(b)). Ac-
cording to the phase diagram, the second phase is CbCrz. The concentra-
tion of the second phase was too low to detect by X-ray diffraction.

After sintering the specimens were polished through 3/0 emery paper
and cleaned in acetone. 1Individual specimens were suspended from one arm
of a chainmatic balance into a vertical tube furnace that was closed at
the bottom and open at the top. Tests were conducted at 8000, lOOOO, and
1200o C. Temperature was measured by a thermocouple located adjacent to
the specimen. The oxidation runs were for 2% hours, during which time the
specimens were weighed at frequent intervals without removal from the fur-
nace. After the test the oxide was examined visually, the d-values deter-
mined by X-ray diffraction, ahd the composition determined by chemical
analyses. Metallographic specimens showing the structure of the metal and
oxide were prepared whenever the oxide was sufficiently sound to permit
mounting and polishing.

RESULTS

The description of the oxides and their compositions are summarized

in table II. By comparing the results for similar compositions in d4if-

ferent groups, it can be seen that the fabrication technique had no ap-

preciable effect on the scale characteristics.
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Chemiical analyses of the scales showed that at all temperatures the
chromium in the scale increased as the chromium content in the alloy in-
creased and also that the chromium was present as the +3 ion.

Tables 3 and 4 list d-values and intensities of the various oxides
formed on these columbium-chromium alloys at 800O andxiéooo C. These are
compared with interplanar distances for the oxides on pure columbium ob-
tained in this investigation and those reported by Inouye (Ref. 2).

At 800° ¢ the colors of the scales ranged from a light tan at low
chromium contents to a dark brown at high chromium contents as contrasted
to white to yellow-white for pure columbium. The type of scale went from
a thick, adherent, disk-like scale at low chromium contents to a very thin,
hard, adherent, disk-like scale at around 5 atomic percent chromium. With
increasing chromium contents, its texture gradually became powdery, and the
scale finally became a nonadherent powder at around 10 atomic percent
chromium.

X-ray diffraction patterns of the scale (table 3) showed only the L-
form of Cby05 to be present at alloy concentrations up to about 4 atomic
percent chromium. Certain "d-values" of these scales appeared consistently
smaller than the corresponding d-values of the scale on pure columbium,
which is also the L-form of Cby0g at 800O C. This indicates that the ad-
dition of chromium bas econtracted crystal lattice of the scale 1in some
directions. Above 4 atomic percent chromium; the H-form of Cb205, also
siightly contracted in certain directions compared to the H-form found on
pure columbium reported by Inouye (Ref. 2), was found along with the con-
tracted L-form. Metallographic examinations indicated that the scales

were all single layered.




Figure 3 shows the scales formed on pure columbium and on group 2
specimens after 2% hours oxidation at 800° C. Tt illustrates the change
in scale character with changes in the chromium content of the alloy.

The scale on the specimen containing 4.86 atomic percent chromium; was

the thinnest, hardest, least porous, and most protective of any of the
scales found on the columbium-chromium alloys at any of the temperatures.
A photomicrograph of this scale is shown in the insert. The porosity in
the scale is similar to that in the metal, except that the smaller pores
in the metal are not present in the scale. This is probably due to sin-
tering of the scale. This scale was extremely tough and adherent; it
could not be separated from the metal by scraping with a knife. Specimens
containing 9.9 and 10.Z2 atomic percent chromium had scaled to fine powder
after 2% hours at 8000 C.

At 1000° C the colors of the scales ranged from a light green at low
chromium contents to a dark olive green at the higher chromium contents.
With increasing chromium contents, the scales went from thick, disk-like
scales which tended to spall on cooling to fairly thin, disk-like scales
with a very slight tendency to spall. A brownish overcoat was noted on
the dark green scales at chromium contents of approximately 7 percent and
higher but not as a distinct layer. X-ray diffraction patterns (table 4)
showed that the H-form of Cby0g was always present with no apparent con-
traction. The brownish overcoat, when it appeared, was also of the normal
H-form of Cb,0g. Metallographic examinations again indicated that the
scales were all single layered gnd fairly nonporous.

At 1200° ¢ oxidation rates and scale character were very poor and only

one group of specimens (group 2) was studied. Although very high chromium
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contents might give good oxidation resistance, such alloys would be
brittle, as mentioned earlier.

Figure 4 shows the continuous weight gain against time curves at
800  and at 1000° C for all three groups of specimens. Although the oxi-
dation rates vary from one group to another depending upon the fabrication
technique (which are discussed later) the effect of changing the chromium
concentration on the oxidation rate is similar in all three groups. At
800O C and low chromium concentrations, oxidation is rapid and the curves
approach linearity. As the chromium content is increased, oxidation be-
comes slower and the curves tend to become parabolic. The results for
groups 2 and 3 indicgte that an optimum chromium concentration exists for
best oxidation resistance, and that if the chromium concentration is in-
creased beyond this point, oxidation becomes more rapid. According to the
results for group 2, the optimum concentration is within the range from
1.58 to 9.9 atomic percent chromium, and, according to the results for
group 3, the range is further narrowed to between 6.34 and 9.15 atomic per-
cent chromium. Referring back to the results for group 1, the optimum con-
centration must be above 7.23 atomic percent chromium. Thus the optimum‘
chromium content for low scaling rates at BOOO C appears to be about 8
atomic percent. The decrease in oxidation resistance at higher chromium
concentrations was associated with a tendency of the scales to become pow-
dery in texture, as is very evident in the photographs in Fig. 3. From the
standpoint of scale character, the soundest scale was that on the specimen
in group 2 containing 4.86 atomic percent chromium. .The scaling rate of

this specimen was also quite low.
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The resulté at lOOOO C indicated that the oxidation resistance was
continually improved as the chromium content was increased and that no
optimum concentration existed within the range studied. The improvement
in oxidation rates due to chromium was more pronounced in group 3 than in
the other two groups. The oxidation rates at 1000° ¢ are not widely 4if-
ferent from the rates at 800 C.

Only specimens in group 2 were run in oxidation tests at 1200O C.

At this temperature, the oxidation curves were essentially linear and the
rates were very close to that of pure columbium.
DISCUSSION

On the basis of the free energies of oxidation of columbium and chro-
mium, it was expected that the primary oxide formed on columbium-chromium
alloys (in the composition range studied) would be Cbp05. It was further

+.
expected that any chromium that oxidized would be in the scale as the Cr S

+5 ion and the

ions, and because of the similarity in size between the Cr
Cb+5 ion, the chromium would dissolve in the scale by substituting for . -
the columbium. These effects are confirmed by the cbserved color changes,
the chemical analyses; and the X-ray diffraction analyses of the scales.
At 800O C the dissolved chromium had two effects on the scale struc-
ture. First, at all chromium compositions, it contracted the Cby0g5 lat-
tices (table 3); and secondly, above about 4 atomic percent chromium, it
promoted the formation of the H-form of Cb205 as well as the more normal
L-form (in the low and unalloyed columbium used in this study only the
L-form of the scale was evident at this temperature). In the composition
range of 4.5 to 9 atomic percent chromium there appears to be a critical

ratio of the H and L oxide structures which results in a hard, mechan-

ically sound, and adherent scale. Below this range of compositions only
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the L-form existed and this was porous and not protective. Above this
composition range, there was apparently an excessive amount of the H-form
and the scale became powdery. The best appearing scale observed in this
study occurred in this composition range, between 4.5 and 9 atomic per-
cent (a group2 specimen containing 4.86 atomic percent chromium).

At 1000° C only the H-form of Cb,Og was found. As in the case of
several of the scales at 800° C, dissolved chromium apparently altered
the lattice enough to make the scale more stable and mechanically sound.
Increasing amounts of chromium within the range studied improved the char-
acter of the scale and reduced oxidation rates. However, the best scale
formed at 1000° C was not so tough as the scale formed at 800° C on the
4.86 a/o chromium specimen.

At 1200° ¢ although the chromium dissolved into the Cb205 lattice
to about the same degree as at 800° and 1000° C, it was of little value.
The scales were porous and obvicusly unprotective. The lack of improve-
ment obtained here by chromium additions, as compared to the slight im-
provement obtained in the screening studies at lZOOO C (Ref. 1), nmay
have been due tc the fact that in the screening studies the moisture con-
tent of the oxidizing air was controlled, while in the studies reported
herein the air was not dried.

Fabrication technique was found to influence the rates of oxidation;
e.g., specimens of group 3 generally had lower rates of oxidation than
group 2. This might have been due to chromium enrichment or depletion
at the surface due to the high volatility of chromium during sintering,
to the degree of porosity, or the degree of homogeneity. Chemical analyses

indicated no difference in chromium concentraticon in the surface layers of
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of sintered specimens in groups 2 and 3 from that in the body of the same
specimens. Metallographic examinations showed that porosity had no effect
on the rate of growth of the oxide scale since the oxide interface did not
advance faster through the pores. More complete homogenization in the
groﬁp 3 specimens (resulting from the larger sintering time at 3500° F)

may have accounted for the generally lower oxidation rates as compared to
those of the specimens in the other two groups. Improvement in fabrication
techniques might further improve the oxidation resistance of columbium-
chromium alloys.

Figure 5 summarizes the improvement obtained in the oxidation re-
sistance of columbium by additions of chromium and compares the rate of
oxidation to that of several familiar materials, iron, nickel, and nichrome.
The curve for unalloyed columbium has a& slope of unity, indicating that the
oxidation rate is linear and the scale is nonprotective. The curves for the
remaining materials have slopes of close to one-half indicating that the
oxidation rates are nearly parabolic and the scales are protective (1.e.,
oxidation is diffusion controlled). The alloy containing 4.86 atomic per-
cent chromium, which had the most mechanically sound scale and one of the
lowest oxidation rates of the columbium-chromium alloys, has an oxidation
rate very close to that of pure iron and 600 times that of commercial . .c’
nichrome.

The oxidation rates for the columbium-chromium alloys were not sig-
nificantly greater at 1000° than at 800? C, probably due to the sintering
of the scale. Thus, the oxidation rate of the best columbium-chromium al-
loy at lOOOO C (11.6 atomic percent chromium, group 3) was roughly 110 times
that of nichrome. This is a considerable improvement over the relative

rates at BOOO C.
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SUMMARY OF RESULTS

This investigation has shown that a mechanically sound oxide scale
can be produced on columbium by the addition of small amounts of chromium.
At 800o C an optimum chromium concentration for the soundest scale and
lowest oxidation rate was found to exist at about 5 to 8 percent. At 1000°
C both the scale characteristics and the oxidation rates improved with in-
creasing concentrations of chromium. However, the chromium content may be
limited by fabrication difficulties associated with the brittleness of
alloys containing more than about 7 a/o chromium. At 1200° C chromium had
no appreciable effect in the range of compositions studied.

Although the oxidation rates for the columbium-chromium alloys were
less than for pure columbium, the rates were still too high for the pro-
longed use of columbium-chromium alloys at elevated temperatures.

CONCLUDING REMARKS

Because the scales on the best columbium-chromium glloys are mechani-
cally sound and diffusion controlled further improvement by lowering the
ionic diffusion rates by the addition of other elements should be possible.
Third and fourth alloying elements might also be of value by forming spinels
or protective underscales. Although it is difficult to assess the feasi-
bility of achieving a high degree of oxidation resistance, it appears rea-
sonable to presume that an alloy can be developed that could be clad with-

out the danger of catastrophic failure in case the cladding ruptures.
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Fig. 1. - Equilibrium diagram for the columbium-
chromium binary system (from Ref. 11).
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Fig. 2. - Sintered Cb-Cr alloys at low and high Cr contents.
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Fig. 3. - Cb-Cr alloys scaled 1n air at 800° ¢ for 2.5 hours.
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