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ABSTRACT

Niobium metal powder produced by electrodeposition from molten salts

by CIBA Ltd. was electron beam flpat zone melted (SBFZM) for purification

and growth of single crystals. It was necessary to EBFZM with a high

oxygen partial pressure to reduce the carbon level. A high resistance

ratio [R300.K/R4>2-K (ls kgauss) - 6S00] and low flow stress [rly = 460

gm/iam ] was obtained after a high temperature anneal (2350°C) in high

vacuum (2 x 10" torr). Extensive material characterization results

are reported for the niobium at various stages in the purification pro-

cess. The impurity content determined by chemical analyses did not

correlate with the resistance ratios; however, the flow stress exhibited

an excellent correlation with resistance ratio. These results imply that

interstitial impurity in solid solution is the impurity distribution most

affecting dislocation motion.

Research sponsored by the U . S . Atomic Energy Commission under

contract with Union Carbide Corporation.
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INTRODUCTION

Niobium, because of its high melting point, low vapor pressure,

good corrosion resistance to molten alkali metals, good fabricability,

low thermal neutron absorption cross section, and high superconducting

transition temperature, has become a strong candidate for utilization in

nuclear research and reactor technology. Many of these properties,

particularly mechanical properties, are strongly influenced by impurities.

This paper describes work performed within the Research Materials Program

at the Oak Ridge National Laboratory on the purification and crystal

growth of niobium single crystals. This material was used for basic

studies concerning the effect of neutron irradiation upon the physical

and mechanical properties of high purity niobium.

The purification mechanisms operating during electron beam float
1 O 1 A

zone melting (EBFZM) of niobium have been described by several workers. ' ' '

Zone refining, as defined by Pfann, actually has been found to be a minor

part of the total purification effect of EBFZM. Most zoning speeds re-

ported for niobium have been too fast for effective zone refining. Speeds

in the range of 1.3 to 37.6 cm/hr did not redistribute Ta and W in Nb,2'6

however, zoning speeds of 0.27 to 1.2 cm/hr resulted in a redistribution

of Ta in Nb. In addition, layered or striated distributions of impu-

rities have been reported in refractory metal single crystals ' which

would indicate that EBFZM operations can cause a fluctuation in the growth
Q

rate. This would further reduce the effect of zone refining.

The major purification mechanisms that occur during EBFZM of niobium

are outgassing, volatilization and gas-metal reactions. In order to describe
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these purification processes in greater detail, it is best to differen-

tiate between the molten zone and the heated solid rod during EBFZM.

Hie molten zone is probably protected from any interaction with the

residual gases in the vacuum environment by a protective sheath of evapo-

rating metal atoms. Allen, using the pendant-drop method to measure

surface tensions of the refractory metals, found that wide variations in

vacuum from 10" to 10~ torr had no measurable effect on the surface

tension determinations. Because of the sensitivity of the surface ten-

sion to impurities, Allen concluded that the vaporizing metal atoms

protected the surface from impinging residual gas molecules. From the

geometry of the pendant drop and weight loss data, Allen also calculated

that the refractory metals evaporated 230 to 2300 monolayers per sec

while a. vacuum of 5 x 10" torr would mean a gas impingement equivalent

to two monolayers per sec. Thus, the molten surface apparently will be

well screened from the vacuum environment.

The following purification processes can occur within the molten

zone: preferential volatilization of metallic impurities that have

higher vapor pressures than that of niobium at its melting point; re-

moval of carbon and oxygen by the formation of CO with subsequent evolu-

tion of the gas from the molten zone; direct outgassing of oxygent nitrogen

and hydrogen until the solubility limit of these gases in the liquid has

been attained; and the removal of oxygen by the formation and subsequent

volatilization of KbO. It is important to note that the kinetics of these

mechanisms are probably controlled by diffusion in the liquid which would

be expected to bo several orders of magnitude greater than diffusion in



-4-

the solid. In addition, it has been reported that there is good stirring

in the liquid zone during EBFZM. * Thus it is reasonable to expect that

these mechanisms operate much more effectively in the liquid zone.

The heated solid rod can also be purified by pre' .ential volatil-

ization of metallic impurities, outgassing of oxygen, nitrogen, and hydro-

gen and formation and volatilization of NbO. However, the kinetics of

these mechanisms will probably be much slower than in the liquid zone.

In addition, the heated solid rod can interact with the residual gas

environment. Thus the partial pressures of many of the gases in the

EBFZM chamber become important in determining the degree of purification.

Several researchers ' * * have detemined the relationship between

the equilibrium concentration of oxygen and nitrogen in niobium and their

partial pressure in the gaseous environment. Also, whether the heated

solid rod will be carburized or decarburized can be determined by the

residual gas composition. Hence, the final purity of the EBFZM rod,

and particularly the level of interstitial solid solution impurities,

C, 0,, K-, and H-, will be affected by the degree of interaction between

the heated solid rod and the residual gases in the vacuum environment.

EXPERIMENTAL PROCEDURE

A. Powder Consolidation

The starting material was a melting grade 60 mesh dendritic powder

obtained from CIBA Ltd., Basle, Switzerland. This material had been pre-

pared by electrodeposition from a molten salt. It was characterized by

a low Ta and W content compared to niobium from other commercial sources
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but contained appreciable amounts of Na. It was found that drop casting

2 16

the powder into rod form by either arc melting or electron beam melting

introduced Ta and W impurities into the metal. Thus, a technique was

developed to produce consolidated niobium rods directly from the powder

by EBFZM.

The powder was first packed into 16 nun diameter copper tubing' which

had been carefully cleaned and etched. The tube was then evacuated with

a liquid nitrogen trapped mechanical pump and sealed under vacuum. It

was next cold swaged to 8 mm diameter. After etching off the copper

tubing in nitric acid, a 6 mm diameter niobium powder rod compact was

obtained that was strong enough to EBFZM. This rod was then zone melted

for one pass in 5 x 10" torr vacuum at a zone speed of about 20 cm/hr

for consolidation. It was found that prior outgassing passes in the solid

state was ineffective in preventing "spitting" when the molten zone was

formed. Thus, the powder compact was melted through completely on the

first pass. A second zone pass was then made at 5 x 10" torr vacuum.

The zoned rod was next cold swaged to 4.8 mm diameter rod. Table I lists

the chemical analyses for both the starting powder compact and the as-

swaged EBFZM rod at this stage.

B. EBFZM Procedure

Niobium single crystals with a resistance ratio [R300oK/R4 2 ° K (15 kgaussl-"

equal to 1400 had been produced by earlier work in this program, but this

involved multipasses (10 to 17 passes) in ultrahigh vacuum (8 x 10 torr).

It was also noted that the carbon impurity was difficult to remove unless
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Table I

Chemical Analyses of Niobium Powder Compact

Before and After EBFZM

Impurity Content (wt. ppm)

C
0
N
H

Ta
W

Na
K
Cu
Fe
Co

Cr
Ni
S
Zn
Si

Powder Compact

270
510

61
5

16
0.8

10-1000
8

30
20

2

2
30
20
4

10

After EBFZM

50
47
25

3

19
1.5

<1
<1
<1

2
<!

<!
1

<1
<1

1
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the starting oxygen content was such that the [O-J/fC] ratio was greater

than one. Hence, a standard EBFZM procedure was developed that produced

niobium single crystals low in carbon content and yet used techniques

not involving ultrahigh vacuum.

The following procedure was used: The specimen and a seed crystal

were loaded into a Materials Research Corp. Model EBZ-S4 electron beam

float rone refiner. The system was evacuated overnight, attaining a base

-8pressure of 5 x 10 torr. EBFZM passes were then made on the 4.8 mm

diameter rod over an 18 cm length, using a zone speed of 10 cm/hr. Dur-

ing some of the initial passes, oxygen gas was introduced using a variable

leak valve to maintain oxygen pressures in the range of 5 x 10" to 1 x 10~

torr. The sequence that gave best results consisted of making three passes

at 5 x 10" torr oxygen pressure, pumping overnight after closing the vari-

-8able leak, and then zoning one pass at about 1 x 10 torr. This cycle

could be completed in three days.

C. Vacuum Outgassing Procedure

The as-zoned niobium single crystals were outgassed by heating to

within 100 to 200°C of the melting point in ultrahigh vacuum. The system

consisted of a bakeablt stainless steel chamber capable of attaining a

1 x 10" torr pressure. A 20 kw r.f. power feedthrough v>as used to place

an induction coil in the center of the chamber. The specimens were centered

in the coil by hanging them on Nb hooks fastened to Ta wires. The specimens

were heated to temperatures ranging from 2200 to 2350*0 for times between S

und 50 hours. The chamber pressure at temperature was 2 x 10 torr after

5 hours and 2 x 10" torr after 50 hours.
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D. Material Characterization Procedures

The rods were examined for purity using several methods. Direct

methods Here: chemical analyses, such as neutron activation analyses for

Ta and W, vacuum fusion analyses for 0, N, and H, Leco combustion analyses

for C, and spark source mass spectrographic analyses for other metallic

impurities. Indirect methods were: resistance ratios measured between

room temperature and liquid helium temperature in a 15 kilogauss magnetic

field; and a flow stress Measured at the lower yield point of the resolved

stxess-strain tensile curve. The tensile specimens were prepared by center-

less grinding followed by chemical polishing. The tensile testing was done

at 7oo« re»perature on a table mode] Instron machine at a strain rate of

1.7 x 10" see" . The specimens were oriented with the tensile axis near

<491> such that the Schnid factor for slip on the (101) [111] system was

0.5.

EXPERIMENTAL RESULTS

Subsequent EBFZM and vacuum annealing of the consolidated niobium

powder compact did not appreciably change the level of metallic impurities

shown in Table I. The Ta content remained in a range between 15 and 23

wt. ppm. There was no systematic variation with position along the zone

length, number of passes, or type of oxygen treatment. The range of Ta

contents reported here was attributed to variations within the dendritic

powder. The same was true for W which varied from 0.5 to 2.0 wt. ppm.

All other metallic impurities were below the 1 wt. ppm level in both the

EBFZM single crystals and the vacuum degassed specimens.
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The major effect of EBFZM upon the consolidated niobium powder com-

pact was a reduction of the interstitial impurities, C, 0, N, and H. Table

II lists the amount of these impurities remaining after various EBFZM treat-

ments. The results show that zone melting without an ox/gen treatment re-

duced the oxygen and nitrogen content but did not affect the carbon content.

Introducing an oxygen partial pressure of 1 x 10" torr during the 'first

pass of a three pass schedule resulted in a reduction of the carbon content.

Using oxygen during additional passes of the EBFZM schedule further re-

duced the carbon content but the oxygen level of the zoned rod started to

increase. A convenient schedule was found to be three passes at S x 10"

torr oxygen pressure plus one pass at 2 x 10 torr vacuum. Rods with

this treatment usually finished with 5-20 wt. ppm C, 50-150 wt. ppm 02,

< 10 wt. ppm N,, and < 2'wt. ppm H_.

The vacuum degassing treatment was effective in further removing (L,

N2 and U . The chemical analyses shown in Table II also include typical

results obtained from outgassed samples. In addition, there usually was

a loss of carbon, especially if the oxygen content prior to the anneal

was 2 to 5 times the carbon level. However, carbon was not always reduced

and during some anneals there was an increase in carbon content. This

generally occurred when the oxygen to carbon ratio prior to the anneal

was < ?.,

Table II also list? some resistance ratios taken on niobium single

crystals which had been given the various EBFZM and outgassing treatments

and then subsequently used for chemical analyses. The highest resistance
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Table II

Effect of EBFZM Schedules and Vacuum Degassing upon
the Interstitial Impurity Content and Resistance

Ratio of Niobium (Typical Values)

Treatment Impurity Content in
wt. ppm

Resistance
Ratio

0 N H

1. After EBFZM of com-
pacted powder

2. 3 EBFZM passes @
1 x 10~7 torr

3. 1 pass § 1 x 10"5 O 2

2 passes @ 5 x 10~8
torr

4. 3 passes § 5 x 10"6 0 2
1 pass @ 2 x 10~8 torr

5. Treatment 4 plus an-
nealed 5 hr at 2350°C

» in 2 x lO-9 torr

6. Treatment 4 plus an-
nealed 41 hr at 2350°C
in 4 x 10-10 torr

27 27

R300oK/'R4.2oK(lS kgauss)

50 47 25

51 27

8

17 110 6 <1

26 20 1 <1

9 18

95

162

445

331

1480

6370
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ratios were obtained on the outgassed samples and ranged from 5000 to 7500.

Attempts to quantitatively correlate the resistance ratios with impurity

content were not successful, although there was a general trend that de-

creasing impurity content resulted in increasing resistance ratio. Figure

1 is a summary plot of total interstitial impurity content versus resistance

ratio. Similar plots using atomic ppm instead of weight ppm and assigning

various weighting factors to each impurity also failed to establish a good

correlation between resistance ratio and impurity content.

The effect of centerless grinding tensile specimens from the niobium

single crystals was evaluated using resistance ratio measurements. In all

cases, the resistance ratio decreased upon grinding. However, vacuum an-

nealing the tensile specimens generally resulted in resistance ratios near

those measured on single crystals given the same EBFZM and annealing treat-

ment. A typical sequence of treatments anJ resistance ratios would be:

EBFZM 3"passes in 5 x 10" torr oxygen, 1 pass in 2 x 10" torr vacuum - 226;

centerless grind tensile specimen and chemical polish - 187; anneal at

2350°C for 41 hours in 4 x 10" torr - 6440; and same overall treatment

without centerless grinding - 6370.

All of the stress-strain curves obtained in the tensile tests ex-

hibited a yield point. Figure 2 shows typical stress-strain curves for

the as-zoned and annealed material. The vacuum outgas.sing anneal not only

reduced the stress level at the lower yield point, but, in addition changed

the general shape. However, the values for the resolved shear stress at

the lower yield point for all of the niobium tensile specimens exhibited a

strong correlation with the resistance ratios. Figure 3 shows this corre-

lation.
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DISCUSSION

The results of this study show that the oxygen treatment during

EBFZM was effective in removing carbon from niobium. The probable sequence

of events for the decarburization can be described as follows. Since the

residual gases in the vacuum environment are not expected to interact ap-

preciably with the molten zone due to a protective cloud of evaporating

metal atoms, the oxygen enters the hot solid niobium rod near the molten

zone. During each EBFZM pass at 10 cm/hr a point on the rod is molten for

about three minutes. Using the diffusivity value of Powers and Doyle for

17oxygen in niobium, the estimated diffusion distances after three minutes

ranged from about 1 mm at 1600°C to 3 mm at 2400°C. The equilibrium con-

centrations of oxygen in niobium expected at a partial pressure of 5 x 10"

14torr 0- were calculated using the data of Fromm and varied from 12 wt.

ppm at 2300°C to'421 wt. ppm at 1800°C. Thus, using temperatures where

oxygen could diffuse distances on the order of the dimensions of the rod,

it was possible to achieve oxygen contents of 10 to 200 wt. ppm in the

heated rod adjacent to the molten zone. The molten zone then passed through

the oxygen doped region. With the good stirring and fast diffusion rates

in the liquid, the formation and evolution of CO could be expected with

the resultant reduction of the carbon content.

The vacuum outgassing anneal readily reduced the oxygen and nitrogen

content of the niobium, and, in addition, generally removed carbon if an

excess of oxygen was present in the niobium such that [0]/[C] > 2. Ex-

trapolating the kinetic and equilibrium data of Fromm to lower pressures
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and higher temperatures and taking residual gas partial pressures determined
_9

in the baked chamber at a total pressure of 1 x 10 torr, an estimate of

the C, 0_, and N2 concentrations was made. Using the times and temperatures

of the anneals, it was found that the equilibrium concentrations should be

attained. These estimated equilibrium concentrations after the outgassing

-4 ' -2

anneal vere: oxygen, 3 x 10 atomic ppm; nitrogen, 8 x 10 atomic ppm;

and carbon, 1 atomic ppm. These values are all very much lower than the

chemical analyses listed in Table II. In addition, a calculation of the

resistance ratio (see below) expected for niobium with the above estimated

impurity level, gives a value larger than the measured ratios obtained on

the outgassed samples. In fact, the estimated resistance ratio (12,150)

is about twice the highest measured ratio listed in Table II on outgassed

niobium (6370). This is fair agreement considering the possible accuracy

error ranges inherent in the calculations. However, the use of the data

of Fromm outside the temperature and pressure range in which it was

determined should be done with caution, since impurity concentration

values estimated at temperatures above and partial pressures below this

range apparently were too small.

The resistance ratios of niobium can be estimated from the chemical
18 19

analyses using the data of Meyerhoff and Williams et,al.. Using their

values for the change of resistivity with impurity content for Ta, W, 0,

N, and C in niobium and the temperature dependence of resistivity for low
18temperatures given by Meyerhoff, a resistance ratio was calculated for

the several chemical analyses listed in Table II. The results are listed

in Table III. The calculated resistance ratios based on the chemical
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Table III

Calculated and Measured Resistance Ratios for

Niobium with Various Impurity Contents

Resistance Ratios

No Impurities

Ta, W Impurities only
(20 wt. ppm Ta, 2 wt.
ppra W)

Ta, W Impurities plus
C, 0, N estimated using
Fromm14 data for out-
gassed Nb

*
1

2

3

4

5

6

P295°K/P4.2°K

(calculated)

37,000

19,400

12,150

29

47

61

27

90

138

R300°K/R4.2°K(15 kgau^s]

(measured)

-

—

95

162

445
331

1480

6370

Number refers to treatment listed in Table II and the calculated

resistance ratio was based on the chemical analyses associated wild

each treatment listed in Table II.



-15-

analyses are all significantly lower than the .i-.tual measured ratios. A

systematic error in the chemical analyses canm.i account for the difference

since no quantitative correlation could be fouu.f between the measured re-

sistance ratio and impurity content as shown in Fig. 1. Thus the higher-

than-predicted resistance ratio measurements indicate that only a portion

of the total impurity content, as measured by c||emical analyses, has a

strong effect upon the resistivity. This infer* that the interstitial im-

purities are not present in a single type of distribution in the niobium.

A case can be made to show that the impuvity distribution in niobium

most affecting resistivity is probably the unassociated interstitial atom

in solution. For oxygen in niobium, Williams «i al^.20 showed excellent agree-

ment between impurity content determined by resistivity and that measured by

21 22

internal friction. Other investigations ' hqVe shown that these in-

ternal friction and elastic after-effect relaxaiions are due to unasso-

ciated oxygen atoms in solution at the octahedral site in the niobium

lattice. In addition, clusters of interstitial ntoms greater than 3 or 4

atoms did not contribute to the internal fricti.,n relaxations. Thus, it

could be inferred that resistivity measurements probably are most sensitive

to unassociated interstitial impurities in soluiton a nd clusters of more

than 4 atoms would not contribute as much to thu resistivity. A range of

interstitial impurity distributions from single ntom t0 i t r g e clusters in

the same niobium sample could then explain the discrepancy between resis-

tance ratios and chemical analyses.

If the above model is assumed, then the si,.ong correlation between

the resistance ratio and the resolved flow stv«i?* os shown in Pig. 3,
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indicates that the same impurity distribution, namely, the unassociated

interstitial atom in solution, must also control dislocation motion in

niobium. Thus thermal treatments, such as vacuum outgassing, can affect

electrical and mechanical properties of niobium by changing either the

amount or the distribution of interstitial impurities.

CONCLUSIONS

1. An oxygen treatment during EBPZM was effective in reducing the carbon

content of niobium.

2. Vacuum outgassing effectively reduced oxygen and nitrogen in niobium

but did not affect the carbon content unless the starting [0]/[C]

ratio was greater than 2.

3. Specimens which were EBFZM three passes in 5 x 10" torr oxygen at

-810 cm/hr and one pass in 2 x 10 torr vacuum and then outgassed for

41 hours at 23S0*C in 4 x 10" torr vacuum had resistance ratios of
2

about 6500 and resolved flow stresses near 460 gm/mm .

4. The chemical analyses did not correlate quantitatively with the re-

sistance ratios. Calculated resistance ratios based on the chemical

analyses were much lower than the measured values. The resistance

ratio probably measured mostly unassociated interstitial impurities

in solution.

5. The resolved flow stresses correlated well with the resistance ratios.

This implies that dislocation,motion in niobium single crystals is

affected strongly by unassociated interstitial impurities in solution.
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FIGURE CAPTIONS

Fig. 1 Resistance Ratio versus the Total Interstitial Impurity Content

for Niobium Single Crystals.

Fig. 2 Room Temperature Stress-Strain Curves for <491> Single Crystal

Niobium Zoned Three Passes in 5 x 10" Torr Oxygen Plus One

-8Pass in 2 x 10 Torr Vacuum.

Fig. 3 Resistance Ratio versus Lower Yield Resolved Shear Stress for

<491> Niobium Single Crystals Tested at Room Temperature.
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