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Abstract

The current state of the art in producing pure niobium metal is re-
viewed, dealing firstly with the fundamental aspects of the gas-metal reac-
tions which are employed in the vacuum purification processes. The applica-
tion of these techniques in the modern industrial production of niobium by
electron-beam melting and solid-state sintering is described with examples
based on different starting materials. Also discussed are methods that have
been used to produce ultra-pure niobium on a laboratory scale, in particular
electrolytic refining and electron-beam float zone melting. An essential
aspect of the purification of niobium is the analysis of trace impurities.
The techniques currently used are outlined. Finally, the main applications
of niobium and its alloys are briefly summarized.
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Introduction

As is well known, niobium possesses a number of outstanding physical
properties. It appears to be a uniquely pure metal which exhibits the
properties of a type II superconductor with the highest critical temperature
for pure metals, T 9.2Kk; furthermore, its compounds with Al5-phase structure
show superconductivity at temperatures up to 24K. Since the first days of
the "birth of niobium as =2 pure metal®, several properties have attracted the
interest of scientists and engineers, for example, its high melting point of
2741K, the low density in comparison to the other refractory metals, the low
neutron cross section for thermal neutrons, its suitable nuclear properties,
the ability for hydrogen storage and formation of dielectric oxide layers
together with the excellent resistance against chemical reagents and its
impressive thermomechanical behavior as a base material for alloys.

In contrast to the very few technical applications developed up to now,
the properties of pure niobium have been studied intensively because it
serves as a suitable model for bec metals. Among these properties we find
the deformation behavior, recovery and recrystallization processes, high
energy neutron monitoring in reactor surveillance programs, electronic
structure, electrical and magnetic properties, diffusion of interstitials and
radiation damage by elementary particles, surface properties, etc. Nearly
all of these properties are strongly dependent on the purity of niobium, and
highly sensitive analytical tools have been developed in the last two decades
even in the absence of any significant technical application of pure niobium
metal .

These intensive efforts directed to the preparation of niobium with the
highest purity have resulted in an excellent level of knowledge concerning
purification processes on a laboratory scale. Although niobium is generally
available with better quality than specified by the producers, the current
production processes could be further improved.

Detailed descriptions have been published of the niobium metallurgy,
especially of extraction and reduction processes, as:wzll as powder metal-
lurgical fabrication and consolidation by electron-beam melting (EBM) (1-4).
Therefore, iIn this contribution the present state of niobium extraction and
production is summarized in rough outlines. In deviation from the current
literature, Figure 1 shows that during the last decade the niobium production
on the basis of pure columbite/tantalite processing was extended by the
increasing importance of the pyrochlore branch.

In addition to the classical route, consisting of the carbothermic
reduction of r\b205 and the powder metallurgical purification and consolida-

tion, the aluminothermic reduction of Nb205 from pyrochlore processing

followed by EBM was applied on a larger scale. At first sight, this latter
process seems to be the optimum solution. However, the problems of purifica-
tion involved in the overall process shifted from extraction metallurgy to
the metal refining during EBM. This is a direct result of a change from
ponder metallurgy, where refining of niobium from metallic impurities is less
efficient, to the melting technology. The separation of volatile elements,
mainly of volatile metals, like Al, from niobium raw material can easily be
performed by EBM. But, if starting material with small concentrations of
less volatile elements, like Ta and W, is required, these elements must be
separated either during extraction or after EBM, =,g, by electrolytic refin-

ing.
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Similar considerations were applied to the carbothermic reduction route.
In this case, metallic impurities which form stable carbides had to be
eliminated from the oxide before C-reduction. As was shown, the production
of high-grade niobium with small Ta-concentration can be performed via the
sodium reduction of purified K, WbF, Or via the electrolytic reduction of
NbCLg and/or ¥b,0, (5).

An alternative route of niobium fabrication and alloying is powder
metallurgy. For special applications it may be convenient to produce powder
with high purity hydriding EBM-refined primary metal or scrap. Advanced
technologies for the future will most probably be based on the use of niobium
with the highest degree of purity. For example, the composition of alloys of
superconducting compounds shows that only very low to moderate amounts of
substitutional solute elements are allowed and no intentional addition of
interstitials should occur. In order to facilitate further developments,
high quality material should be made available by the selection of a suitable
sequence of purification processes.

A short review of the results of ultrapurification methods for niobium
which have been applied in the metallurgical laboratories can give us a
guideline for the future development of purification processes on an indus-
trial scale. A brief survey of the efforts directed to preparing high-purity
niobium is given in Figure 2, in which the maximum RRR values (residual
resistivity ratio) published in each year and the corresponding Ta, W, and
interstitial concentrations given in those papers are plotted against the year.
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Figure 2 Progress in the Preparation of High-Purity Niobium.
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As is well known, the electrical resistivity of metals at low tempera-
tures is an excellent tool to determine impurity concentrations. The resi-
dual resistivity at T« 0 is caused mainly by scattering of electrons at
impurities. The proportionality constants have been determined for H, C, N
and 0 in Nb as well as for metallic impurities using pure and doped samples:
N (5.2), C (4.3), D (4.5), H (0.6), Ta €0.25), M (0.21), W (0.4 - 1.1), Zr

(1.4 - 0.6), HE (1.4), Ti (1.4) x 10_10 ohm-cm/ at.ppm. It can be deduced
that a concentration equivalent of 1 at. ppm N doubles the resistivity value
at 4.2K, whereas 20 at. ppm Ta must be dissolved to get the same effect. For

Nb, the ideal RRR equals p (295K) /o (4.2K) » 3.2 X 104, with p (295K) =

1458 x 10° and p (4.2k) = 4.5 x 10°20 chm-em.

The upper curve shows that the RRR values have steadily increased by
more than two orders of magnitude in the last two decades and approach the
theoretical value.

It is interesting to note that, at the same time, the concentrations of
Ta and W and of the interstitially dissolved elements C, 0, and N have
decreased markedly. Attempts to correlate impurity concentrations with RRR
values failed for RRR < 2000 and in one case for R~ 6300. For values higher
than RRR » 5000 the authors succeeded in calculating the analyzed total
impurity concentration from the RRR measurements. This must be credited to
improvement of the analytical methods for non-metals as well as to the very
high purity of the Nb matrix, free from metallic impurities.

The explanations in the lower part of Figure 2 show the applied purifi-
cation methods given in the corresponding literature. During the earlier
years, electron—-beam melting (EBM) and electron-beam float zone melting
(EBFZM) were applied exclusively. At that time, neither the thermodynamic
and kinetic relations of the reactions between niobium and the residual
reactive gases in high vacuum nor the behavior of metallic impurities during
EBM or EBFZM were well known. Around 1965, the first fundamental results
concerning niobium metal/gas reactions at high temperatures and low pressures

(K10 6 mbar) were published. At the same time, ultra-high vacuum technology
improved and lower gas concentrations resulted. Nevertheless, degassing and
decarburization were considered in too simple a way, as will be discussed in
more detail later. Tt can be deduced from the analytical results that
volatile metallic impurities did not have any limiting effect on the RRR
values between 100 and 500 when EBM or EBFZM methods were used.

In 1964, the first ASIM specification for unalloyed reactor grade Nb was
introduced. After this, Ta and W concentrations decreased as a result of
improved or new separation methods. Samples prepared by these improved
techniques were also used to prepare high-purity niobium. Since 1965 new
variants of purification methods have been worked out, leading to further
increase in purity. Among these methods, liquid/liquid extraction with
methyl-isobutyl-ketone (MIBK) from fluoric aqueous species, distillation of
NbCl. and refining electrolysis in molten fluorides have made essential
contributions to the decrease of impurities. The simultaneous application of
consecutive refining steps for three different groups of impurities = vola-
tile metallic elements (Al, Fe, Cr, etc.), non-volatile metallic elements
with an effective distribution coefficient of keff =« 1 (Ta,W), and non-

metallic elements (d, C, N, 0,) — led to a further increase in purity.
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Some experimental details of the purification methods illustrated in
Figure 2 are shown in Table I. It is evident from the experiments that
application of methods for the reduction of Ta and W impurity contents is a
prerequisite to preparing high grade starting material. Additionally, it can
be stated that the extremely complicated purification procedure (consisting
of liquid-liquid extraction and re-extraction of niobium from fluoric water
phase with methyl-isobutyl-ketone (MIBK) and chlorination of the oxide under
reducing conditions followed by NbCl5 sublimation) did not lead to Ta and W

concentrations lower than those achieved by electrolytic refining or reduc-
tion processes in molten alkali fluorides or fluoride/chloride mixtures.

Table 1. RRR and Purification Steps for High—Purity Niobium.

UHV-ANNEAL ING

RER Ta—REFINING EBFZM/OZ* PRESSURE/TEMP (K)/TIME

1/1-MIBK
C12/C

9650 NbC1,-dest. ++ 3.5x10'%/2570/30n

20440 van Arkel ++ 4.0x10"11/2570/30n
Ta=0.8 W=0.7

-9

15080 electrolysis -/- 5.0x10 “/2680/ h
Ta=3.8 W=2.1

20680 electrolysis -/- 3.0x10"19/2700/ d

5820 elect-red. +/+ 4.0x107%/2620/41n

14400 electrolysis ++ 1.4x10719/2470/220
Ta=0.2 W=0.01

16800 electrolysis ++ 1.2x10"19/26600/60n
Ta=0,1 W=0.005

* Decarburization in 0.: 10™> to 10~/ mbar, T = 2200 K

2

Further purification of niobium with Ta < 10 and W < 2 at. ppm by EBFRZM
and decarburization in oxygen atmospheres does not give better results, at
first sight, than using electolytic refining alone with subsequent degassing.
On the other hand, a high RRR value does not guarantee low metallic impurity
concentrations. But, significantly, use of reduction electrolysis alone
results in a lowered RRR value. Carbon and nitrogen concentrations of
electrolytically refined niobium are relatively low (¢ < 50, N < 60) and
oxygen comparatively high (0~ 800 at. ppm) due to the solubility of oxygen
in alkali fluoride melts. The increased O content enhances decarburization
during the degassing step via CO formation, so that a separate decarburiza-
tion step is unnecessary. The conditions for degassing the samples in ultra-—
high vacuum are of greater importance: as a consequence of the thermodynamic
and kinetic studies of niobium/gas reactions, we know that samples must be

annealed at T > 2400K and p < 10—9 mbar for several days to achieve a total
interstitial concentration < 1 at. pm and maximum RRR values.
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Fundamental Aspects

The great variety of processes occurring during vacuum metallurgical
refining of niobium in the solid and liquid state, the different riobium-
gas reactions and the evaporation of metallic impurities require distinct
theoretical knowledge and technical approaches. Therefore, in this chapter
investigations on thermodynamic relations between niobium and non-metallic
elements and the strong dependence of equilibrium states, transport by
diffusion and reaction rates on pressure, temperature and concentration are
briefly summarized. These basic principles must be kept in mind if optimum
conditions are to be established during degassing, melting, doping, alloying
and heat treatments.

The conditions for optimization of degassing and distillation treatments
of niobium are not completely described by the thermodynamic data since they
only determine the direction of the reactions occurring under given condi—
tions. The kinetics of the processes are also of great importance. The
absolute rate-determining factor is the amount of gas that can be released
from the metal surface due to the equilibrium pressure of volatile components.
It has been shown that the maximum concentration decrease of a piece of
material attainable in-a degassing treatment is approximately given by the
relation (7).

Acs= 1/2 " p " t/d
(1)

where 4 ¢ is the concentration change in at. % p is the equilibrium pressure
in mbar, t is the degassing time ins, and d is the thickness of the sample
in an. In Figure 3 the minimum degassing time for the reduction of Ac =

1 at% of a given impurity is plotted against the equilibrium pressure. It
can be deduced that for specimens L10am thick with high gas content of 1 at%

(evgy, 015 wt.,%Z N in b at 10_5 mbar and 1670K) an effective degassing.

IT high equilibrium pressures cannot be reached by using appropriate
degassing temperatures, the amount of gas evolved at the surface of the
sample is too low to guarantee a reasonable degassing rate. For low concen-
trations and low equilibrium pressures, U{v-techniques must be applied. Rut
in these cases only thin solid specimen or liquid droplets can be degassed.
Another rate-limiting factor for the degassing is the diffusion of dissolved
atoms to the surface. Because the diffusion coefficients of most metallic
impurities in solid niobium at high temperatures are relatively low compared
with those of the interstitials, melting operations must be performed.
Nevertheless, depletion of metallic elements with high vapor pressures, =.z.
Al, Zr, Fe, etc. in surface regions is observed which may be beneficial
during refining (=,g., Al-evaporation during sintering of niobium powders) or
detrimental during heat treatments (e.,g,, evaporation of Zr during high
temperature annealing of Nb-Zr alloys).

Other effects that can decrease the degassing rate drastically are
thermally activated processes on the surface and low rate constants for the
formation and evaporation of gas molecules.

Basic considerations about vacuum engineering and the use of vacuum

techniques applicable for refining of niobium, sintering and heat treatments
are published in the literature (1,2,4),
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Niobium-Gas Reactions

One of the most significant characteristics of niobium is its ability to
react readily with the gases Hz, NZ’ 02, Hzo, Co, COZ’ CmHn and with elemen=-

tary C.  The interaction of niobium with the reactive elements H, N, 0 and C
are not only responsible for undesired changes in physical and mechanical
properties (8-10) of the solid metal, but they also play an important role
during the fabrication and refining in the solid and liquid states, e.g.
during carbothermic reduction of the pentoxide, powder production via the
hydriding process, sintering and electron—beam melting (EBM). Moreover, the
formation of hydrides, nitrides, oxides and carbides in pure niobium, as well
as in niobium-base alloys is of great relevance for its application.

In the following section the niobium-gas reactions are considered from
the point of view of purification of the metal during its metallurgical
refining by melting and annealing under high vacuum, in an inert gas atmos-—
phere or in reactive gaseous environments for deoxidation or decarburization.
The absorption and uptake of H, N, O and C of purified niobium, i.,e, the
kinetics of surface reactions and diffusion into the bulk at temperatures
between 600 and 2000K are thoroughly treated in the contribution by D.
Lupton, K, Schulze and F. Aldinger (11). In this paper, the gassing reac-—
tions are only taken into account if this is necessary for the understanding
of purification, because the highest degree of refining of niobium from gases
and carbon which can be achieved must be understood as a change from a given
supersaturation of the non-metallic elements in niobium at high temperatures
and low partial pressures by decreasing their activity or concentration via
lowering the partial pressures of the respective elements in the gas phase
with time. The lowest possible concentrations which can be achieved after
sufficiently long reaction times are determined by the number of gas mole-
cules striking the surface per unit time at lowest pressure.
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From this it can be easily deduced that the time necessary to achieve
this final state and the conditions of partial pressures are not only given
by the intrinsic factors of the kinetics, i.e. reaction rate, diffusion,
dimensions and surface/volume ratio, but also by the practical constraints,
e.g. pumping speed, composition of residual gas atmosphere, leakages, etc.

In the solid state, the elements H, N, 0 and C are dissolved at inter—
stitial sites in niobium (8). The maximum solubility of the interstitials is
relatively large at elevated temperatures and decreases with falling and
rising temperatures (solvus and solidus lines) so that either precipitation
of compounds occurs or the corresponding liquid enriched in gases at equili-
brium with the ¢ -solid solution is formed. For both the solid and the
liquid, the concentration of the elements at a given partial pressure de-
creases with increasing temperature.

The mechanics of gassing and degassing reactions between niobium and
residual gases in vacuum at high temperatures are schematically shown in
Figure 4.

Thermodynamic equilibria are established between H, and N2 and dissolved

2

H and N atoms. For O2 and H20 reacting with niobium at temperatures T > 2000K

and partial pressures p < 10_4mbar, so—called "steady states" between oxygen

uptake and oxide evaporation of NbO or NbO, are realized. Reactions between

2
CO and niobium cannot be described by true thermodynamic equilibrium rela-
tions because part of the oxygen forms these volatile oxides in an irrever-
sible reaction. Unlike 0, C desorbs only through a "mixed" channel in the
form of CO. Depending on the relative surface coverages of 0 and C, either
decarburization via CO and formation of NbO (Nboz) for high 0 coverages, or

only volatile oxide formation for low O coverages may occur. As has been
shown, subcritical surface coverages of carbon exist, below which no CO is
formed. This is a 'direct result of O desorption through its "own" channel
and the reduced probability of a recombination between C and O atoms compared
with Nb and O.

Therefore, two ways of decarburization are possible:

1. CO degassing of (C + 0) - containing ingots or melts with excess
oxygen concentration in the bulk, % > e This leads to a critical carbon

concentration of about 10-40 at.ppm which cannot be removed further due to
the strong oxide evaporation.

2. CO degassing by annealing the samples in oxygen atmosphere, e.g.

lo-smbar, to establish an excess surface coverage of 0 for long periods,
during which C can reach the surface by diffusion or hydrodynamic flow.

The reaction kinetics are well established (10). Traces of hydrocarbons
which are always present in vacua or inert gases lead to a continuous decom-
position at the niobium surface with a steady uptake of C and the liberation
of H,.

2

In Table 11, calculated interstitial concentrations are compiled, which
would be expected after annealing niobium samples under ultra-high vacuum

conditions at T = 2500K and a residual pressure p = lo-mmbar. These values

must be considered as the minimum concentrations which can be achieved after
UHV-treatments. In contrast to these results, even for niobium with the
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highest purity ever produced residual resistivity measurements and gas
analysis by a special ultra-high vacuum extraction technique using levitation
melting showed that at least 01 - 05 at. ppam N and C + Owere retained in
solid solution. The reason for this will be discussed below.

Table I11. Calculated Interstitial Concentrations in Niobium
After Ultra-High-Vacuum Annealing.

RESIDUAL GASES* FINAL CONTENT*

Mbar at—ppm REACTIONS

-11 -3 —
H2 9.10 ~ 10 "H H2—2H
Hy0 ~ 10712 . H,0 > OH, 4
~ 3.10 ‘0 0, - 20
0.~ 10712 2
2 CO = ¢+0
co- 107!t ~ 2.10-6 (C+0) OHib » NDO 4
N, < 1012 = 4,107 % N, = 2§
-12 -

C R, ~ 10 steady increase CpHly > e + nz/i-{2
«p >p  T= 2500 K

co Nz

Thermodynamics and Steady States

For H2 and Ny, thermodynamic equilibria between the gas phase and the

interstitially dissolved H and N atoms are established according to the
reactions:

H, ()2 2 H (in \b) and
2 (1)

N, (8) ¥ 2N @nN.
(2)

In the Nb-H system between room temperature and 870 K and in the ib-
N system above 1500 K the equilibrium partial pressures of hydrogen and
nitrogen over the solid solutions and over the hydride or nitride phases lie
in the range covered by vacuum techniques.

The Nb-H phase diagram is shown in Figures 5a and 5b (10,12).

The solubility of H ing -y, > obeys the relation

H ina-Nb: log ¢, = 1/2 log p - 291 + 2070/7, (420 < T < 1770K),
H H2 (3)

with Py in mbar, T in K and oy in at% (13).
2

The solubility of H in molten niobium is given by the equation

Hinwb(1): log ¢y = 1/2 log p, = 2.00 + 1620/T, (2870 < T < 3100K),
2 (4)
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At temperatures below 600K oxide—like sorption layers at the niobium
surface serve as barriers for the exchange of hydrogen between gas and metal.
Therefore, special attention must be paid to the application of the thermo-
dynamic data for Nb-H at lower temperatures or during the course of heating
and cooling cycles or solidification.

During the high-temperature annealing or melting of niobium in vacuum,
hydrogen is readily picked up at the surface and the rate determining process
is the transport in the gas atmosphere or the diffusion in the bulk, depend-
ing on the partial pressure and the diffusion paths. Therefore, the lowest
possible H-concentration after degassing treatments can easily be calculated
from the p-T-c relations. But it must also be taken into account that con-
siderable quantities of H may be picked up during cooling. The rate of H

absorption depends on the relative number of 0, or H,0 and H, molecules

striking the surface per time unit. In high vacuum equipment (p > 10_6 mbar)
the residual atmosphere mainly consists of H20 vapor, 0,, M, and co with
relatively low H2 proportions. Here, the surface barriers for H absorption
are quickly built up during cooling so that, even for H2 pressures consider-

ably lower than in U4y systems, comparable H contents are observed. On the
other hand, after UHV degassing treatments the surface of niobium specimens
is clean without any protecting oxide layer. The residual gas in an UHV

chamber at p < 10_7 mbar is mainly "y When, after annealing or melting at
pressures far below 10—7 mbar, the vacuum pumps are shut off, H2 pressure
increases for a transient period to 10_8 —10_7 mbar. Within a few minutes
large quantities of H2 strike the unprotected surface. At room temperature
the equilibrium content of H2 in niobium is fairly high. For 320K and 10—8

mbar, thermodynamic data for H in ¢ -Mb predict about 0.3 - 04 at%  Depend-
ing on the surface/volume ratio of the specimen, quantities between several
at,ppm and a few hundred at.pom are dissolved.

The Nb-N phase diagram is shown in Figures 6a and 6b (10, ).

The p-T-c relationship for N dissolved in niobium at ¢ < 01 at.-% was
partly investigated for the liquid and solid state (15), see Figures 7a and
b. From the results shown in Figure 7 the distribution coefficient for N
between solid and liquid niobium, k0=<:s/\:I was calculated as k = 0.76.

The solubility of N in ¢ -Nb, S obeys the equation

N ina-db: log ¢g = 1/2 log py - 3.7 + 9300/T (@770 < T < 2470K),
2

with p inmbar, T in K and . in a% (10).
N, (5)

The nitrogen solubility in liquid niobium was found to be

N in No (1): log ¢ = 1/2 log Py + 022 (16) (< 15 at%, T = 2800K)
2 (6)

The pressure-concentration isotherms in Figure 6b show for the region of

a-solid solution a slope of 2 Since Sievert's law is obeyed, the N is
dissolved in atomic form in the solid solution. The first kink in the
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isotherms gives the concentration at which niobium is saturated with N at the
given temperature and the subnitride phase, NbZN, is formed. For constant

N2 pressures the N concentration in solid solution decreases with rising
temperature.

It is obvious that for all kinds of metallurgical treatments, especially
at temperatures for recrystallization annealing (T = 1300-1500K), the resi-

dual partial pressures of N, should be kept far below 10_5 mbar to avoid the

2

formation of szN at the surface of the material.

In Figure 7b the N solubility in niobium at 2050 C and just below and
above the corresponding melting points is plotted against the N2 partial

pressure. For a given N2 pressure the N concentration in the melt is higher.

This shows that during vacuum drop melting the reduction of N concentration
is not only caused by the extremely low N solubility of the superheated melt
but also by a redistribution between liquid and solid during solidification.

The Nb-O phase diagram is shown in Figure 8 (10, 17).

The O2 equilibrium pressures are rather low compared with the pressure
of volatile oxides NbO and Nbo2 and the equilibrium pressure of atomic
oxygen. However, equilibrium data can be obtained from the temperature
dependence of the terminal O solubility and the G° values of equilibrium
oxides (10). It must be kept in mind that under conditions of thermodynamic
equilibria which are established in a closed system the gas phase consists
mainly of volatile NbO, Nb and less Nboz, whereas 0 and O2 are minor compon-—
ents which can be neglected.

The O solubility in solid a-Nb is given by the reaction (17)

0 ina-Nb(s): log ¢y = 1/2 log Py~ 451 + 2020/T, (1570 < T < 227018S
2

with ¢, in at.%, P, in mbar and T in K
0 02
The vapor pressures of the volatile oxides over O containing No were
determined at (17)

NbO(g): log Pypo = 108 S 4p §p T 912 - 28400/T, (1870 < T < 2470K) and

Nb0,(g): l0g py o = 2 l0g ¢ 4o, T 712 - 24300/T, (1870 <T1X< 24231)()

The solubility limit ¢ of 0 dissolved in No was determined as (10)

0,max

0 ina-Nb(s): log cg = 1.67 - 1680T, (1070 < T < 1770K).

max (9

These relationships describe the thermodynamic behavior and constitution
of the Nb-O0 system, but they give little information about the processes

really occurring when niobium is annealed in a vacuum chamber where low O2
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and HZO partial pressures exist. Under these conditions at temperatures

above 2000k both oxygen sorption and oxide evaporation from the surface are
observed. The evaporating oxide condenses at the walls of the vacuum chamber.
After long annealing times, the system finally reaches a steady state, in
which the O concentration is a well defined function of the 0, Or #,0 pres-
sures and temperature (18, 1.

The - isotherms for the steady states of niobium annealed in 0, and

H20 are plotted logarithmically in Figures 9 and 10. The isotherms show a

0

steady states is restricted to the region of the a-solid solution limited by
the solvus and solidus lines (dotted and dashed lines in the upper part of
the graphs).  Furthermore, at low temperatures the steady state conditions
cannot be realized any longer due to the negligible oxide evaporation which

leads to a continuous oxygen sorption and oxidation. Only at very low 0, or

H20 pressures are steady states still possible, but due to the extremely low

slope of 1, t,=, at constant temperature G, « Py * The existence of the
2

reaction rates very long periods of attainment are necessary. At very high
temperatures in the low pressure region the pure metal evaporation can exceed
by far the oxide evaporation, see Figure 11, and thus the steady states are
no more Of WEmportance. At higher temperatures and pressures O-containing
melts are formed on the solid samples. Mass spectrometric investigations
have shown (20, 21) that the monoxide ¥v0 is the predominant evaporating
species at lower concentrations and higher temperatures. The percentages of
b0 are shown in Figures 9 and 10 by dot—-dashed lines.
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The steady state relations follow the equations

Nbin 0.: c. =p. X 91 X 1078 X axp (-502000/RT), (2170 < T < 2540K) (18)

P
and 2 0 02

Nb in H,0: c. = p. X 14 X 1078 X exp (-480000/RT), (2170 < T < 2640K)
(19) 2 0 THy

(10)

with < in at.%, Py inmbar and R = 8.31 J/mol X K
2

From these equations the minimum concentrations of O in Nb for a given
02 pressure and temperature can be calculated. At low pressures and high

temperatures the oxygen uptake of niobium proceeds via the partial steps (i)
transport to the surface and absorption of O2 molecules, (ii) dissociation

and chemisorption, (iii) penetration and solution in the metal. Due to the
energetics in the Nb-O system the reactions (i) and (iii) are reversible,

while step (ii) 1is irreversible. Thus, the reaction of niobium with O2

always results in absorption of O. The absorption rate is a function of
pressure and temperature, i.2. vabs = £ (p T. The degassing takes place
2

via the evaporation of volatile oxides and the degassing rate is a function
of O concentration and temperature, t.2. VvV = f(co, T). The steady state

- = - deg
is defined as Vabs = vdeg

The marked difference between steady state and equilibri is also per-
ceptible when the metal loss is regarded. In the steady state, besides the
normal metal evaporation, a continuous metal loss occurs due to this oxide
evaporation. The oxygen concentration of the metal keeps constant because
for each absorbed O atom one ¥o0 molecule desorbs.

The rate of O evaporation in the steady state is given by the relation-
ship:

Nb in0,: vy = 222 X 10X p, X &P (-156200/RT), (2140 < T < 2370K) (10) and

Nb in HzO: vy = 5.8 X 105 X
Puzo X exp (-154100/RT), (2140 < T < 2430K)
(11)

with Vo in ungolcm2 X win, p inmbar and R = 831l J/mol X K.

From these equations the metal losses via oxide evaporation can be
calculated for a given 0, or HZO pressure, temperature and time.

If the 0, or H,0 pressures in the vacuum system are lower than the given

O concentrations according to the equations for steady state conditions, then
deoxidation takes place. In this case, the Nb losses via oxide evaporation
directly correspond to the difference in O concentrations between the super—
saturated solution and the steady state concentration for lower partial
pressures. The kinetics of oxide evaporation are described below.

The Nb—C phase diagram is shown in Figure 12 (10). [In the Nb-C system
only the terminal solubility of the a-solid solution can be determined
because reversible reactions between carbon-containing species of the gas
phase and C dissolved in niobium are not existent.
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The solubility of C in niobium obeys the relationship (22)

C tng-tb: log c = 36 - 7600/T, (U770 < T < 2470K).
C, max (12)

When niobium is exposed to hydrocarbons, c i, at high temperatures, an

irreversible carburization takes place. At high temperatures and low pres-

sures molecular ", is liberated into the gas phase and C dissolves in niobium

until the solid solubility limit is reached and the sample is converted to
szc. The reaction kinetics of carburization of niobium in CHQ, 02H6, C3H8,
CuH g CoHy and C,H, are established (23).

During annealing of niobium in CO atmospheres, quasi-thermodynamic
equilibria are established according to the reaction

(o) ¥ 0l + [Cly,

(13)

The CO pressures over Nb—-C-0 solid solutions are given by the expression
(10)

Oand C inga-ib: log p,, = log G, t log ¢, + 6.2 - 14700/T,

(1870 < T < 2170K)
(14)

In Figure 13 p—c isotherms are graphically shown on a logarithmic scale.

The Q0 equilibrium pressure over (¢ + O) - containing solid solution
containing a few at,ppe OF both interstitials at 2000 to 2500K is relatively
high. Thus, the CO reaction can be used for removing carbon from niobium by
a high vacuum treatment. For a given € t 0) concentration the equilibrium
pressure of CO in the gas phase increases with increasing O concentration.
Therefore, C can be removed by annealing the specimen in 0, atmospheres.

Kinetics of Gas Reactions (Degassing)

The purification processes that occur during annealing and melting of
niobium under vacuum conditions are volatilization of metallic impurities and

degassing.

The degassing processes of niobium in the solid state have been investi-
gated intensively (10). Only few results from theoretical studies and in-
vestigations of degassing liquid niobium exist (15, 24, %5). These results
cannot be used for calculations because they cannot be transduced into
generally valid equations. The main difference between solid and liquid
degassing is that transport from bulk to surface in the solid state cbeys the
laws of diffusion, whereas in the liquid transport of impurities takes place
via hydrodynamic flow. Therefore, the rates of degassing and volatilization
processes are increased by orders of magnitude.
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The degassing mechanisms can be expected to be identical to those shown
in Figure 4 for solid niobium; only the rate constants will be different.
The increased evaporation rate of niobium itself and the higher solubility of
gases in liquid niobium at a given partial presure (which makes superheating
necessary) are detrimental to quantitative degassing. As could be shown very
clearly for vanadium (25), it is impossible even under UV conditions to
reduce the nitrogen concentration below 1 at.%, because evaporation of metal
competes with degassing. Similar limiting concentration in the ppm range can
be expected for niobium.

The rate of volatilization of metallic impurities from liquid niobium is
proportional to their partial pressures at the surface. The minimum concen-

tration of metallic impurities is reached when the evaporation rates of the
respective impurity and of niobium are equal.

Nitrogen. The time dependent change of N concentration is given by the
expression

(™

N

ch/dt =k X (r) X PNZ(T) -k, (T) X cz

(15)

IT the rate of N uptake is neglected, a simple relation for N degassing
for solid niobium is found (27)

vy + 126 x 10 X B X exp (-513000/RT)

N (16)

with vy inmg X cm_2 X min-l, cina% and R inJ Xmol_1 X K_l.
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Nitrogen degassing from niobium is shown in Figure 14 where for highest
pumping speed 8y of the vacuum pumps the decrease of N concentration as a
2

function of time is shown according to the first relation (5. For experi-
mental conditions which can be realized easily (Final nitrogen partial

pressure 5 X 10-11mbar, T= 2400K) for L0mm dia. rods, annealing times t > 1
week ate required to reach the ppm level and about 1 month is needed to
achieve the thermodynamic equilibrium conditions.

en. Oxygen is liberated from niobium at temperatures T > 1900K in

the form the volatile oxides ¥b0 and Nboz. For O concentrations below 1

at.% the degassing via ¥b0 IS predominant. Besides, considerable losses of
metal occur at higher temperatures and during deoxidation of liquid niobium.
The deoxidation rate of solid niobium for thin samples (diffusion is not rate
determining) is given by the relation (28)

Vo * 22 X 10 X < X exp (543000/RT)

(17)
with v, inng X em ? atn, ¢, Ina% and R in J X mol -1 x kL,

Industrial Production (1, 4, 23, 30, 31, 78)

The main starting materials for consolidation ate powder, granulate or
solid material from the reduction processes. Consolidation is achieved
either by melting or sintering in high vacuun. Originally, the sintering
technique was the only means of obtaining the high melting point metals in
compact form. The high melting points and reactivity of niobium and tantalum
have led to the development of tailor-made processes and equipment for
melting. Above all, electron-beam melting (EBM) and arc melting in high
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vacuum have proved their value in melting, remelting and purifying these
metals. For the first melt, powder, granulate and solid materials are
pressed to form electrodes which are melted in vacuum. The material is then
purified by repeatedly remelting under vacuum. BB zone melting or molten
salt electrolysis can be used to produce metals of particularly high purity.
A preliminary purification of the starting material by means of gas-metal
reactions enhances the overall purification effect.

Electron-Beam Melting

As a result of the increasing demand for niobium and tantalum in the
last few decades, the electron-beam furnace has been developed to a reliable,

efficient apparatus for melting and purification. Electron guns serve as the
energy sources.

The electron—-beam, accelerated in a high potential, is focussed on to
the metal to be melted, and nearly all the energy is converted into heat.
Part of this energy is used to melt the electrode, part is used to keep the
pool of metal liquid and the rest is lost to the surroundings. The whole
volume of the furnace is under vacuum in order to:

- satisfy the particular requirements of the special metals,
- keep the energy losses in the electron—-beam low, and
- to minimize wear and tear to the electron guns.

The reliability has been further increased by the development of tubular
and transverse guns. The hot cathode, anode, focussing device and deflection
system form a unit which can be evacuated separately from the main melting
chamber. By means of this design, the cathode is protected from metal
splashes, condensation and gas release. The different arrangements of
electron guns have led to two alternative systems.

Figure 15 shows the vertical arrangement of tubular guns. The gun,
Figure 16, produces a sharply bundled electron-beam with a round cross-
section. The beam passes through the hole in the accelerating anode, is
further focussed by electromagnetic lenses in the adjoining beam-directing
tube and is then directed on to the melting material by an electromagnetic
deflection system at the end of the gun.

A pressure difference can be maintained between the accelerating chamber
and the melting chamber. Three or more guns are frequently combined to form
a multiple gun system with integrated control. The beam directing tubes of
the guns protrude only a short way into the melting chamber, Figure 15.

The other alternative, with transverse gun and magnetically deflected
electron-beams, is shown in Figure 17. Under high potential, the cathode
system produces a ribbon electron—-beam. The electrons reach their velocity
in the electric field between cathode and accelerating anode. An electro-
magnet is positioned over the electron-beam source; its broad pol-plates
reach to the edges of the mould. The ribbon-shaped beam enters the trans-
verse magnetic field from below, and is turned by it on an almost semicircular
path and directed on to the electrode and melt.
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In both cases, Figures 15 and 17, the material drips down into a water—
cooled mould. The solidified ingot is then withdrawn downwards on a base of
the same material. The volatilization of impurities can be controlled both
by regulating the superheating of the molten pool in the mould and by adjust-
ing the rate of feed of the melting electrode. The melting electrodes are
normally fed in vertically from above. A horizontal feed is also possible,
which is used for preference during the first melt. The design capacity of
the electron-beam furnace is determined largely by the melting point of the
material to be melted and the diameters of electrode and mould. Figures 18
and 19 summarize the power requirements.

EBM is particular suited to the production of niobium ingots. Some
examples are quoted below which support this statement. Figure 20 shows a
furnace with a capacity of 300 W which was built for purifying ATR niobium
bars 80 x 80 x 800 mm, (ATR = aluminothermically reduced). With this unit,
niobium ingots 150 mm diam x 1600 mm are produced by triple remelting. In
the first melt, the material is fed in horizontally, and is fed in vertically
in the second and third melts. The main process data are given in Table I11,
With the EB capacity of 300 kW and the limited pump capacity, the specific
melting rate (kg/h) is significantly lower than in a 1500xW melting unit, as
shown in Figure 21. In this second EB furnace, the power is delivered from 3
thyristor-controlled high voltage units of 500 kW at 30 kv each supplying two
guns. During normal operation, each gun carries one sixth of the total
power, which gives a good distribution of the EB power on the electrode and
molten pool. This leads to very good values for degassing and purification
and for material yield, Table IV. Operation is, however, also possible with
only three guns. Each gun can carry up to 500 ki power.

Table III, Main Process and Productivity Data of the
300k EB. - Melting Furnace

Process Data * It
Dim._ #1 £2 £3
Pressure 10" *nbar 7 4 15
Ingot Melting Speed kgh~! 20 30 50
Ingot Melt/Prod., Time h/h 12.7/14,2 8.5110 5/6.5
EB. - Power ki 172 240 250
Total Spec. Energy ki 12 102 6.5

Raw Material

Niobium ATR-Ingot Melt # 3
ppm rpm
0, 8000 150
N 300 40
.'.2 50 5
C 500 60

’Eroduction of Niobium-Ingots {50mm Diam.
Leybold-Heraeus
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Figure 20. 300 kW EB - Furnace.

Figure 21. 1500 kW EB - Furnace.
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Vacuum Arc-Melting

The vacuum arc furnace has, like the EB furnace, found application in
melting reactive metals. The emphasis, however, lies in the melting of
titanium and zirconium, whereas the EB furnace is used primarily for the more
gas-sensitive metals such as niobium and tantalum.

In the vacuum arc furnace, an arc burns between the metal pool and the
electrode. By repeated remelting, the homogeneity of the material, in
particular, can be improved. Despite powerful pump systems and, therefore, a
good vacuum, it is only possible to remove the most volatile impurities in
the vacuum arc furnace. This results from the process parameters and, above
all, from the small gap between electrode and metal pool and from the short
time for which the metal is molten.

Sintering

The powder-metallurgically (PM) consolidated metals have a fine-—grained
structure which, in the case of the melted materials, can only be achieved by
repeated deformation. The PM production process consists of numerous steps,
Figure 22. The tough, ductile metals, such as tantalum and niobium, can be
mechanically pulverized after charging with hydrogen during cooling from 950
C. After the hydriding treatment, the metals are crushed, ground, sieved and

dehydrided in vacuum. The powder is then mechanically pressed to green
compacts.

PROCESS STEPS

IN Hz -ATMOSPHERE

HYDRIDING l 950°C —= ROOM TEMP
CRUSHING A.GRINDING ‘ BALL - MILL
SIEVING ‘ SIZE <75 um

IN VACUUM
DEHYDRIDING 1072 rnbar at950°C

GREEN DENSITY
PRESSING {600x50x20mm) 60 - 65 %

l IN VACUUM - 6h

SINTERING 107 mbar at 2100-2300°C

PRODUCTION RATE WITH POWER
CONSUMPTION OF 220kW <1kg/h
[C.F EB.-MELTING: ~16kg/h

Figure 22. Process Steps for Niobium Sintering.
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The temperatures at which sintering begins are dependent on the melting
point of the metal and the nature of the powder: particle size and shape,
surface condition and chemical purity are all important parameters. As a
rule, metals are sintered at a temperature between 06 and 0.9 of the melting
point with T in K The sintering times are mainly in the order of several
hours.

Sintering at excessively high temperatures leads to grain coarsening.
The sintering is carried out in vacuum either by direct resistance heating or
indirect heating. When compacts are sintered by direct resistance heating,
Figure 23, the electrical contact is made via water—cooled copper clamps with
brazed tungsten facings. The process is limited to regular-shaped bars and
employs high currents at low voltage. The equipment requires expensive
electrical installation and has a low energy efficiency. Sintering by direct
resistance heating is still used, for example, for tantalum, and can also be
applied to niobium. During vacuum sintering, a purification of the metals
occurs, which leads to an improvement of the mechanical properties. The
sintering temperature is increased in stages to permit evaporation of impuri-
ties and to prevent sudden gas release.

Fabrication

The production and fabrication of niobium is complicated by the fact
that, at elevated temperatures, it reacts with all gases except for the inert
gases, such as helium and argon. Titanium and zirconium react less strongly
than tantalum and niobium. All heat treatments of niobium must be carried
out in high vacuum or under a pure inert gas atmosphere. Even relatively
small quantities of dissolved gases affect the mechanical properties. Pure
niobium is ductile, and working is normally carried out at room temperature.
The work hardening induced by this deformation is relieved by heat treating
niobium between 950 and 1200 C in high vacuum or under a protective atmos—
phere. Larger deformation steps, such as forging, are carried out for
preference at somewhat elevated temperatures up to about 600 C in air.
Before an intermediate heat treatment, the surface scale of oxides and
nitrides formed during warm rolling or forging must be removed to avoid
oxygen and nitrogen diffusing into the bulk.

The rolling of niobium is similar to that of the other cold-ductile
metals. Plate and thick sheet are normally rolled on two-high mills, thin
sheet and strip are usually rolled on four-high mills and foils on multiple-
roll mills. Foils are generally produced by package rolling.

In particular for niobium and tantalum, wire drawing is carried out in
the pre-oxidized condition to avoid cold welding in the die. This oxidation
treatment must be repeated after every few drawing operations. Figure 24
shows schematically the process steps in manufacturing mill products from
ingot.

The niobium can be readily welded, although the reaction with atmos—
pheric gases must be taken into account. Thus, welding is only possible
under inert gas or in high vacuum. Also, alloying with steel or stainless
alloys as a result of welding must be avoided. Here it is important to
remember that the melting point of niobium is much higher than that of steel.

Niobium is machined with high speed steel or carbide tools. Cutting rate
and angle correspond to those for stainless steels or aluminum.
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Figure 23. Sintering by Direct Resistance Heating.
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Processing of Different Starting Materials

Remarks about Commercial Qualities. A world-wide accepted specification
for primary niobium does not exist to our knowledge. A comparison of quali-
ties from different producers does not give any answer about representative
qualities which are available on the market. In nearly all cases electron-
beam melted (EBt) niobium is available.

Both the supply and production lines of niobium raw materials and also
the reduction processes have shifted from pure columbite/tantalite tO pyro-
chlore metallurgy, and as a consequence of this the technology has shifted
from ponder metallurgy to melting procedures. However, despite these changes,
the problems of high-purity refining on an industrial scale remain unchanged,
see Figure 1. On the other hand, due to the high efficiency of EBM for
removal of volatile elements, the residual impurity level of commercial
qualities is low and in most cases lower than certified by the supplier.
Table V shows a comparison between the analytical results given by the
supplier and the values that we determined in the xPr for an EBV—quality No.
No typical analysis can be given, even if it is very often done for ultra-
trace refining (32).

The results of improved analytical multi-element methods with high
detection sensitivity show that:

1. The concentrations of all elements, except Ta and W, are much lower
than certified; this Is a question of the analytical methods and of the
homogeneity of different lots of niobium.

2 Volatile metals are present at the lower ppm-level.

3. Ta and W show lower values than those common 10-15 years ago, but
are still too high.

4, The analyses of interstitial elements agree well and the magnitude
of the concentrations are tolerable for production on a commercial scale.

From these results, the conclusion can be drawn that other extraction,
production or refining procedures must be applied to reduce Ta and W, and the
non-metals t lowest possible concentrations. Furthermore, to describe the
actual degree of purity, high detection sensitivity of analytical and physi-
cal methods are necessary. In this context standard reference samples of
niobium for chemical analysis are required!

To demonstrate the effects of different starting materials on the
melting and fabrication, a number of comparative tests have been carried out.
The full programme is shown in Figure 25. The starting materials chosen
were:

1. Granulate niobium produced by a hydride-dehydride process: Granule
size 1-5mm, purity see Table VI.

2. Aluminothermically reduced bars with the dimensions 90 x 60 x 600 mm,
purity see Table VII.
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Table V. Comparison of Chemical Analyses of EBM-Niobium

(Commercial Grade, THcA) by Difference Methods in At.-PPV

Element/ Producer®s
Method Analysis
Al < 70
Ti < 76
Zr < 100
HF < 25
v < 35
Ta 123
Cr < 35
Mo < 20
W 39
Fe < 83
Hi < 32
H ~ 300
C < 230
N 199
(0] 522

SMs
40.0
<10
29
29
<09
160.0
< 09
<30
93.0
20
20

KM

152

SMS = Spark Mass Spectrometry
IPaA/INAA = Instrumental Proton/Meutron Activation Analysis
IRNAA = Indicator Radionuclide Neutron Activation Analysis
KM = Kjeldahl Method

VHE = Vacuum Hot Extraction

COMB = Combusion Method
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MATERIAL 1

MATERIAL 2

Nb- GRANULATE
REF. ASTM B 383
HYDRIDE AND DEHYDRIDE

ALUMINOTHERM. RED.
Nb - INGOT
DIMENSION 90x60x 600mm

PROCESS PURITY, TABLE VII
PARTICLE SIZE Ito 5mm MICRO STRUCTURE FIG.26
PURITY , TABLE VI
1
-— |
E.B-MELTING
MELT # 1
MELT # 2 S
MEIT # 3 —
]
IL L
ROLLING MACHINING
HEAT #3
TREATMENT #2
RESULTS MAT.| [ MAT. 2 RESULTS |MAT1 MAT 2
PURITY taBte vi | TasLevi) [PURITY TABLE VI | TABLE VII
MECH. 1aBLE 1x | TapLe x| | ZARDNESS |1asLe vin [TABLE vII
PROPERTY WEIGHT
MICRO LOSS/MELT TABLE VII|TABLE VIII
STRUCTURE |"URF &
MACRO/MICRO FIGURE 26
STRUCTURE
Figure 25. Program for Comparison of Mechanical Properties

after E.B.

- Refining and Fabrication.
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Table VI. Effect of EBM on Purity and Hardness of Granulate Niobium

Impurity Content, opom

Melt

Element Granulate Fa £ 2 1 mm sheet, 1h/1050 C

Mo 20 < 10 < 10

Fe 15 12 < 10

Ni 30 30 30

Si 15 < 10 < 10

Ti < 10 < 10 < 10

Zr ND < 10 ND

Ta < 150 < 150 < 150

50 50 50

H 15-40 33

N 50-200 60

(0] 150-550 155

C 70
Hardness 59 65
(Ingot : HB 5/250

Sheet : #v 10)

ND = None Detected (<< 10 ppm)

Table VII. Effect of EBM on Purity and Hardness of ATR-Niobium

Impurity Content, oom

Melt
Element ATR Ingots 1 £3 1 mm sheet, 1h/1050 C
Mo < 10 < 10 < 10
Fe 400-1000 80 < 10
Ni 10 < 10 < 10
Al 0.5-1.%% 300 < 10
si > 1000 250 50
Ti 10 < 10 < 10
Zr ND ND ND
Ta 1450 1450 1450
W 40 40 40
H 50 20 8 14
N 400-1000 95 30 80
0 2.34.5% 1800 130 180
C 70 40
Hardness 117 51 64

(Ingot : HB 3/250
Sheet : HV 10)

ND = None Detected (<< 10 ppm)
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Electron Beam Melting

The melting was carried out in a production EB furnace with a power
rating of 250 kW.

In the first melt, both the electrodes formed by pressing granulate and
the ATR bars were fed in horizontally to the crucible and melted to an ingot
of 100 or 125 mm diameter. The process data are summarized in Table VIII.

Particularly striking is the observation that with the ATR bars a
melting loss of 26 percent occurred (First nelt). The melting loss with the
granulate was about 65 percent which can be regarded as an average value
from previous experience. The high loss with the ATR bars can be explained
by a combination of the evaporation of the very high oxygen content as b0
(2.5% oxygen evaporating as b0 would give a weight loss of about 17%), the
evaporation of a large proportion of the aluminium and the high energy
density and slow feed. A positive indication is that, after the first melt,
the hardness values (48) are already in some parts down to about 85.

In the second melt, the ingots were remelted vertically to a diameter of
100 or 125 mm, The process data are summarized in Table VIII. The melting
loss of the bar-material was around 8.75 percent and that of the granulate
was around 2 percent; these values can again be regarded as average values
from practical experience.

A comparison of the quality shows that the HB-hardness"of the ATR
niobium had already reached values between 68 and 76.

Table VIII. Main Process and Productivity Data
of 250 kW EB. - Melting Furnace

Nb—Ingot Aluminotherm Red. Nb—Granulate

Nelt Velt
Process Data Dim.__ #a #2 +3 a1 #2
Ingot-Diameter T 125 125 150 100 100
Pressure 10 “mbar 3 2 2 4 2
EB. - Power ki 130 150 220 85 120
Ingot Melt/Prod, Time h/h 105 5 1 25 13
Ingot Melting Speed kgh! 8.25 1285 59 20 36
Weight Loss % 26 8.75 10 65 2
Hardness HB 5/250 Head 159-185 68-76 56 95 62
Hardness HB 5/250 Bottom 76-94 68 52 90 58
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In the third melt with the ATR starting material to a diameter of 150
am, the hardness was further reduced by 15 - 20 points. This indicates a
high purity level, which was confirmed by analysis, Tables VI and VII.
Figure 26 shows the typical solidification structures of the ingots.

As a result of this remelting process, it can be stated that outstanding
purity levels can be achieved by choice of appropriate melting parameters.

Fabrication to Mill Products

The ingots from the different starting materials were first turned to
remove the surface and reduced to 12 wm thickness in individual reduction
steps of 8 = 10 percent. The sheet blanks were then heat treated in vacuum.
Subsequently, the sheets were rolled down to a thickness of 1 om with indivi-
dual reduction steps of 6 - 8 percent and again heat treated. The material
for investigations was taken from this sheet.

The results of mechanical property determinations are shown in Table IX
together with the gas contents of the sheet material. The values of mechani-
cal property data are typical for niobium semi—Ffinished products after
recrystallization heat treatment. No significant difference was observed for
niobium from granulate and ATR starting materials. Figure 27 shows the
typical microstructure of the sheet after a heat treatment of 1h/1050 C.

Table IX. Mechanical Properties and Gasanalyses of 1 mm Sheet.

Granulate ATR
4 (ppm) 3.3 14
¥ (ppm) 60 60
0 (ppm) 155 180
C (ppm) 70
Hardness Hv:10
HV: 10 65 64
Proof Stressi
Rp 0.2 (¥/mn“) 155 161
UTS: 2
Rm (N/mm®) 240 228
Elongation:
A 45 42

Mechanical properties and gas analyses of 1 mm sheet produced
from granulate and ATR niobium (recrystallized 11/1050 C).
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Figure 26. Macro/Micro Structure of Niobium (ATR).
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Figure 27. Micro-Structure of EBM - Niobium Sheet.



Special Purification Processes

Fundamental investigations of the electrodeposition of dense and co-
herent Nb-deposits from LiF-NaF-KF melts containing K NbF, at T= 1000 K have

been published by Senderoff and Mellors (33, 34). The authors emphasized
that this electrolyte was not only suited for the production of coatings, but
also that the material refined in this way showed improved mechanical proper-
ties and was extremely pure: Ta < 50, Fe < 480, Cr < 100, Cu < 146, Ni ~
350, C— 7, 0— 1200, and N < 30 at.—ppm.

Based on their results, we studied the optimum conditions for commer-
cially available Nb, by which deposits of low metallic and non-metallic
impurities could be produced (35). 1In a second series of experiments the
homoepitactic growth on Nb single crystals was studied. By growing quasi
single crystals the number of grain boundaries, and hence the inclusion of
electrolyte, was reduced drastically. Nb rods prepared in this way can be
zone melted directly, without any further treatment.

Electrolytic Refining

Reduction of impurity concentrations during electrolytic refining in
molten salts depends mainly on the relative deposition potentials and concen-
trations of matrix and impurity atoms, and on the cathodic and anodic partial
current densities of the species. In our experiments, 25 mole % KszF7 was

. 5+ . 5+
added to the base electrolyte. The reduction steps of Nb” - ions, Nb™ »
Nb4++ Nbt s Nb°®, were found to be in agreement with the results of Senderoff
and Mellors.

The cathodic current efficiency is strongly dependent on the Nb-valence.
During the passage of current the mean valence decreases from n=5 according
to the reactions

swpot + N+ = 4wt

5+ . 4+
aub>T F NbT = 5 Mb (18)

and the current efficiency approaches 100 percent for n = 4 This reduction
leads to an increase in niobium-concentration of the electrolyte.

The problem of valence is not restricted only to the beginning of
operation. Oxidation of Nb-ions by oxygen or water traces introduced into
the bath from leakage or from the electrodes leads to reduction of current
efficiency and steady increase of Nb-ion concentration. Additionally, oxygen
is picked up by No from the melt. Resides this oxidation of complexed Nb-

ions, 4NbF73_ + O2 = 4NbF72- +2 02—, formation of insoluble oxifluorides

may occur, NbF72_ +0% - NbOFy(y_3)— + (7-y)F, which are incorporated in
the Nb deposits. Corrosion of the Ni-crucible with formation of NiNb,O, in

276

the presence of Nb5+—ions and O2 can be observed.
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The relation between the Ta concentration of cathodically deposited Nb
and the Ta concentration of the electrolyte is shown in Figure 28. The upper
curve shows the results of experiments using commercial quality ¥b with 195
and 149 at. ppm Ta. The lower curve shows the results of a series of experi-
ments in which traces of oxygen were carefully excluded. Ta contents of the
electrolyte determined by chemical analysis and from the mass of dissolved
anodes agree well with each other. From the results it can be deduced that

for cathodic current densities 20 < i, < 50 mA/cm2 the Ta content of the
deposits depends on:

1. the Ta concentration of the electrolyte and
2. the oxygen concentration.

However, the degree of purification does not depend on the Ta content of
the anodes if the electrolyte is stirred by natural convection. The lowest
Ta concentration of 0.05 at. pom was achieved using commercial KZNbF7 with
300 at. ppm Ta as the Nb salt.

The minimum possible concentration of 0.02 at. -ppm Ta in Nb agrees
fairly well with a value calculated via a redox reaction between Ta and No
using published values for the standard potentials and the given ion concen-—
trations (35).

The behavior of other metallic elements during electrolytic refining is
shown in Table X In column 1 the concentration of the starting materials
(MCA Nb) is given; in columns 2 and 3 the analyses of one or the content
ranges of five samples purified separately by electrolysis, Nb-R-1, and
EBFZM, Nb-R-2. In general, it can be stated that besides Ta, W and M
concentrations can also be reduced. For other elements the low concentration
level either remains unchanged or increases slightly, e.g. Fe and Al, due to
contamination from structural materials.

Table X Impurity Concentration* in Niobium.

Element (TWCA Nb)® Nb-R-1b Nb-R-2"
Ta 83.0 pom 0.05-3 ppm 0.05-3 pm
w 3.8 ppm 1 - 30 ppb 1 - 50 ppb
Mo 1.2 pom 96 ppb 75 ppb
Cr 3.0 ppb 6 - 28 ppb 17 = 44 ppt
Fe 26.0 ppb 1-3 ppm 3 - 11 ppb
co 85.0 ppt 0.3-2.5 ppb 6.3-30 ppt
cu 95.0 ppb 44 ppb < 20 ppb
Vv 50 ppb 0.4 ppb 0.3 ppb
Ti 0.3 ppm < 0.1 ppm < 0.1 pm
Al 90.0 ppb 110 ppb 20 ppdb

* In atomic fraction, (a) averages from three determinations,
(b) content ranges of separately purified samples.
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Figure 28. Nb-Purification by Electrolysis in Molten Salts.

Electrolytic Crystal Growth

The structure of electrolytic deposits on polycrystalline Nb samples
showed that homoepitactic growth occurred on selected grains. Detailed
investigations were therefore made on electrolytic growth of Nb single
crystals. As an example, a cross—section of a crystal with < 110 > direction
along the rod axis is shown in Figure 2. The results from deposition on
cylindrical single crystals with < 100 >, < 110 > and < 111 > directions, and
on single crystalline spheres can be summarized as follows:

- All crystals showed low—index faces and growth regions (100), (110),
(111), and (112).

= Homoepitactic growth was observed for all surface orientations.
- Polycrystalline growth occurs if dislocations and low angle grain

boundaries occur as a consequence of structural misfit, or if surfaces are
contaminated by oxidation.

Electron Beam Float Zone Melting

As is well-known, zone refining has actually been found to be a minor
part of the total purification effect of the EBRZM of niobium. The major
purification mechanisms that occur are volatilization of metallic impurities
and outgassing. Equilibrium distribution coefficients ko determined from
thermodynamic data and from experiments (36, 37) on niobium containing Ta and
W show that, for volatile elements, k., is less than 1.0, whereas the corres—
ponding coefficients for Ta and W are kTa = 11714 and kw = 14-2.0.
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Therefore, the redistribution of Ta and W at zoning speeds slow enough for
the effective distribution coefficients to approach the equilibrium values (~

10_4cm/s) is opposed by an enrichment due to preferential evaporation of
niobium.

The results shown in Table X designated as Nb-R, are obtained by EBFZM
of the Nb-R-1 quality in vacuum < 10_7 mbar with zoning speeds between 1.6 X

1072 and 25 « 10 3cm/s. Elements enriched during electrolysis, .z, Fe, Al,
Cr and Co evaporate quantitatively.

It must be emphasized here that with respect to metallic impurities in
niobium, with the exception of Ta and W, many misinterpretations of the
efficiency and the principal rules of zone refining have been published.
This can be attributed to two simple explanations:

1. The detection limits of the applied analytical methods normally are
too high, and

2. Contamination by residual metallic impurities from other experiments
or structural materials was not considered.

As shown by Reed et a1 (38), severe contamination can occur by volatili-
zation of impurities (oxides of Ta, W, and HF) from the furnace walls by the
radiant energy from the beam.

Figure 29. Cross-Section of Electrolytically
Deposited Nb-Single Crystal.
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On the other hand, the molten zone is probably protected from any
interaction with the light molecules from the residual gases in the vacuum
environment by a protective sheath of evaporating niobium atons. Although
the thermodynamic and kinetic conditions for degassing are more favorable for
the molten zone than for the solid material, the lowest concentrations are
observed after solid-state degassing. The final concentration of interstitial
solid solution impurities, ¢, O, N and H will be affected by the degree of
interaction between the heated solid rod and the residual gases. Normally,
the partial pressures of the residual gasses are too high during zone melting

&2 10_8 mbar) to reduce the concentration of interstitials below the ppa
level (39-41). Therefore, decarburization and degassing subsequent to zone
melting are recommended, In a few cases, volatilization of metallic elements
can occur even in the solid state, as was shown for a1l and Zr dissolved in
niobium (42, 43).

Analytical Techniques

General

In the scope of this condensed contribution it is impossible t review
in detail the present state of the analytical determination of impurities
dissolved in niobium. But, as can be deduced from the results of many publi-
cations on the purification of niobium, in general, the routine analytical
methods used were not in general able to describe the real processes occuring
during puification because the detection limits of the applied methods were
too high. The preparation and optimization of industrial processes and
application of pure niobium is closely connected with the possibility of the
analytical description. OF central interest is the quantitative detection of
very low concentrations, normally in the ppm and sub ppm-level, and the
investigation of their local distribution. Thus, when the limits of capabil-
ity of direct instrumental techniques (mass spectrometry, optical emission
spectroscopy, activation analysis, direct application of atomic absorption
spectrometry) are reached, traces of the elements of interest must be sep-
arated and/or enriched from the matrix before determination.

In addition, purification and analytical description of parameters which
are characteristic for the processes must be treated as a unit because stan-
dard reference samples of high purity and definite composition are lacking
and, conversely, extremely pure samples cannot be analyzed because reliable
microtrace methods do not exist.

Since niobium is known to be a difficult matrix for trace analytical
characterization, development and production of pure niobium have advanced
more rapidly than characterization techniques. Therefore, as was already
shown in section 3.5, Table V, by a comparison of chemical analyses of
commercial grade EBM-niobium, the impurity level of several elements is lower
by orders of magnitude than specified by the producer.

In collaboration with several European laboratories we are now able to
analyze 25 of the most important residual elements in niobium (44), see Table
Xl

This capability was reached only by an extensive multimethod concept for
bulk analysis. As can be seen from Table XI, the detection limits depend on

the impurities and methods and vary between 10°° and 107! z/z niobium. If
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possible, the instrumental activation analysis with thermal neutrons, protons
or phonons is preferred because contamination can be reduced (45). For some
elements, =,z, Cu, Cr, Fe, Co, Ni, Mn, Na or Ir, radiochemical tracer tech-

niques with separation had to be developed to lower the detection limits (46-
49). The concentrations of traces of C (50-52), O (54-55), H (50) and N (57,

58) are predominantly determined by improved classical methods.

Table XI. Analytical Characterization of High-Purity Niobium.

Impurities Methods* Power of Detection iny g/gilo

Ti, Cr IPAA 0.05

Hf, Mo, V, Fe 0.1

Zr 0.4

W, Co, Cu, Sc, Se, INAA 0.01 - 0.005

Hg, Na

Ta 0.05

Co, Cr IRNAA 0.0000 1

Al, Ti, V, Mo 0.006

Fe 0.005

i o1

Cu, Co, Cr, IRPAA 0.01 - 0.001

Fe, Co, Zn, Bi Electrolysis

+ 0Es/MIP

Si, Ni Photometry 0.5

C COMB (+ y -AA) 05 (0.01)
UHV-HE 0.01

N Kjeldahl 05
UHV-HE 0.02

o VHE G -AA) 5 (0.02)
VHE 01 - 02

SMS - Spark Mass Spectrometry

IPAA/INAA = Instrumental Proton/Neutzon Activation
IRNAA - Indicator Radionuclide Neutron Activation Analysis
&4 - Kjeldahl Method

VHE - Vacuum Hot Extraction

COMB - Combustion Method
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Analysis of Gases and Carbon

Because the gases and carbon have the strongest and most varied effects
on the properties of niobium, and niobiun—gas reactions play an important
role during purification, fabrication and application, a short review of the
present state of the analytical determination of the interstitials is given.
In the contribution of M W Mallett (58) the state of the art up to 1974 is
summarized. In this excellent survey, the classical methods are described in
detail. The determination of the interstitials by activation analysis ad
recent results of standard techniques, as well as the problem of reference
materials are thoroughly treated in the book edited by G. Kraft ().

Hydrogen

Hydrogen determination has seen extensive development during the past
decade. The high mobility of hydrogen in niobium, the high solubility and
the formation of hydrides, the absorption of water vapor and the low rate of
uptake at moderate temperatures, T < 500 K, complicate the definitive associa-
tion of dates of fabrication with the real concentration. Niobium and
tantalum usually contain Q1 - 1 wt,ppa, Hot extraction methods are most
commonly used for hydrogen determination. Sample weights of 5-20 g are
preferable t minimize the effects of surface contamination. H is usually
detected by thermal conductivity measurements with quite sufficient sensi-
tivity in the order of a hundred wt. ppb.

To yield minimum surface contamination the samples are cleaned by
etching and degassing (bath: 2 parts of HO (s,g, = 14 + 2 parts of HF

A0 + 1 part H20 at room temperature for 1-2 min; washing 3 times with 4,0
and 3 times with CHBOH; drying with air at 60 3  The results of round robin
tests (B86) are prsented in Table XI1.

The analyzed niobium sheet was produced powder metallurgically. The
true H content of this material is probably less than 1 wt. ppm. Fusion and
diffusion extraction methods yield comparable results, although the values
for samples which were only washed are considerably higher. All samples
which were exposed to the laboratory atmosphere for 8 weeks showed increased
hydrogen contents and standard deviations. This was related to H uptake from
acid vapors.

Nitrogen

The vacuum—fusion method has been applied to determine nitrogen along
with oxygen in refractory metals (see oxyen). The detection limit for N in
Nb ranges between 1 and 10 wt. ppm depending on the flux, samples and equip-
ment (60, 6. For all vacuum fusion methods, the use of Pt-flux (Pt:db -
10:1) is recommended. Lower detection limits of a few hundred wt. ppb can be
achieved by a uHv diffusion extraction method (53) or by an improved Kjeldahl
method (60, 8. Figure 30 shows a comparison of the results of the Kjeldahl
method, Udv diffusion extraction and electrical resistivity measurements of
N-doped high-purity niobium rods. It is evident that N-concentrations down
to 2-3 wt, ppm can be analyzed with the routine micro-Kjeldahl method. The
most sensitive non-activation method is the uHv diffusion extraction with a
detection limit below O1 wt. pon. Niobium refined by EBM procedures from
different producers usually contains 15-20 wt. ppa N This is double the
value which is analyzed for tantalum. The limiting factor seems to be the
residual vacuum of the analytical methods for determination of nitrogen. The
recommended surface treatment is given in the section on hydrogen.
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Figure 3. Comparison of Analytical Methods
for N-Determination.

Oxygen

The vacuum fusion method in a graphite crucible using different fluxes,
for example, Pt, Ni or Fe is the standard method now used. It was recently
showed by simultaneously analyzing oxygen-doped samples of high purity and a
commercial grade quality by vacuum hot extraction using the Pt flux tech-
nique, internal friction and residual resistivity measurements (63), Figure
31, that the detection limit of vacuum extraction lies between 8 and 10 wt.
pom.  Lower detection limits can be achieved by additional activation of the

oxygen (52), =,3., photon activation (160 G, n) 150, or by improved pro-
cedures of vacuum extraction (64), which allow a separation of surface oxygen
from bulk concentrations by application of a mass spectrometer for detection.

For the oxygen determination in routine analyses, the vacuum hot extrac-
tion of oxygen using the Pt-flux sandwich—technique is recommended (€5)-
Etched samples of 30-70 mg weight (see hydrogen) are packed into Pt—foil
which is degassed at 1270K in purified helium. The Pt/ib ratio should be
about 10/1, Because the sample and flux melt simultaneously, no reactions
bewzen Flux and the graphite crucible occur which might lead to a retarded
alloying. According to this method, degassing at 2770K occurs instantan—
eously and is finished after 30s. Contamination of the surface of the
niobium samples occurs during storage in the laboratory atmosphere (see
section ''‘contamination'™). Therefore, the samples must be analyzed immediate-
ly after the etching procedure.
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Figure 31. Oxygen Analysis of Doped Niobium by Vacuum Hot Extraction.

Carbon

The determination of carbon in the ppb-range by improved combustion
methods is possible today. The combustion is performed by means of induction
heating in high purity oxygen without additives. The CD2 produced is datar-

mined after gas chromatographic separation using a relative conductometric
method (66) or infrared absorption (33),

Another method for the determination is the UHY hot extraction of (¢ +
0) containing niobium samples ®). The samples are degassed during levita-
tion melting and the carbon monoxide which evolves is determined by a quad-
rupole mass spectrometer simultaneously with nitrogen. The method was
checked by comparison of N- and CO doped niobium rods with the micro-Kjeldahl
method, vacuum fusion and combustion of the sample (C) with oxygen and
electrical resistivity measurements. The detection limit for (¢ + 0) in Nb
is about 50 wt. ppb, and for N in Nb 70 wt. ppb.

For routine analysis the combustion of niobium with purified oxygen in
tube furnaces using Fe flux and Al,0, - boats was found to be adequate. The

CO2 produced is determined by the conductometric method. In order to separ-

ate surface from bulk carbon the samples and flux are preburnt in argon
containing traces of oxygen and after this in pure oxygen (67). Table XIII
shows the results on commercial grade niobium which was analyzed using the
combustion method with Fe-flux at 1400 C after "preburning” in Ar atmosphere.
The detection limit is about 1 wt. ppm. For lower contents samples activated

e.g, by photon-activation (12(: &, n) 11C), mist be used in order to reduce
blanks (52).
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Table XI11. Determination of C in Nb After Different Surface Treatments

rinsing in boiling toluol
suface + bulk 128( 15 ; 6
bulk 69 ( 35; 6

e

rinsing in boiling toluol/
etching in HE/HNO3/H20 =2/2/1

bulk 206 (3.1 12

Determination of C in Nb at MA - Stuttgart after different
surface treatments. Combustion with Fe addition in 0, after

preburning in Ar. (100 ag No wire, 1 @ dia., W C. Heraeus)

Contamination of Clean Surfaces with O, N and C

The behavior of clean Nb surfaces exposed to oxygen, air, or water vapor
has been intensively studied using different methods (68-71) (Table XN).
Sorption experiments on metal films at low pressures using a volumetric

method showed that (8-12) x 1012 molecules per cn® of 0, and (1-3) x 101° of
N2 are chemisorbed at ambient temperature (63), These values correspond to
04 ug/cmz 0, and 005 ug/cm2 Ny Results from X-ray photo-electron spectro-
scopy (XPS) show that NbZOS/NbOZ/NbO layers are formed during storage in dry
air as well as after electropolishing or etching. The formation of Wb,0
layers with a final thickness of 6 nn ~ 04 gOZ/cmZ) requires approxi-
mately 10 days for storage in air. A few at. % N, and several at. 7% C are

incorporated into the oxide layer during growth. The mechanism is not yet
well understood. Large quantities of water and hydrocarbons are absorbed
into these oxide layers (69). Deuteron/proton activation analysis

(160 (d, p) 170) of etched and air-stored samples gives values ranging from
Q3 to 0.4y goz/cmz, whereas chemical analysis of similarly prepared Nb
surfaces shows that™ 09 u gOz/cm2,~ 13 ¢ :gC/cmZ, and < Q1 ugNZ/cmz are

sorbed at the surface (70)., These higher values can be explained by the
additional analysis of those impurities which are absorbed on top of the
oxide layers.

Table XIV. Sorption of Oxygen, Nitrogen, and Carbon on
Clean Niobium Surfaces.

Analytical Method Concentration, ; g/ cm2
o N c
UHY=vo Llume try/ filus 04 0.6 -—
XPS—polished sheet 0.5 -0.04 ~0,2
160 (p,d) 170/shast 0.3-04 —_—
Chemical analysis/foil 09 <0.1 13
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From these results the conclusion can be drawn that surface contamina—
tion with O, N, and C, and bulk solution of H to a greater or lesser extent,
depending on the surface to volume ratio, must be tolerated. Surface protec—
tion layers serving as diffusion barriers or getters, =.g3. Nb205 as a dif-

fusion barrier for H or evaporated Si-Mo-Ti-Nb multi-layers can be prepared
for special applications.

Analysis of Metallic Impurities

The routine analysis of metallic impurities in niobium leaves much to be
desired. Traditional methods of chemical analysis, thoroughly reviewed by
Porter (72) are now very rarely used - if used at all - because of their
considerable expense and questionable reliability at trace impurity levels.
For high accuracy analysis at levels below 5-50 ppm, a number of special
techniques have been developed using spark mass spectrometry (77), proton or
neutron activation, separation procedures using tracers, as described for
example by Faix and Krivan @)

These advanced techniques have served not only to permit the analysis of
ultra-pure niobium, but also to demonstrate the technical irrelevance of a
number of features of niobium specifications. Typical levels of the more
volatile impurities have been shown to lie up to several orders of magnitude
lower than the maximum values quoted in the ASTM specifications, see Table X
It therefore appears probable that the specifications bear more relevance to
the detection limits of the routine analysis techniques for niobium than to
the true impurity levels or to the normal requirements of the niobium user.
However, the specifications satisfy most users® requirements and there
appears as yet to be little motivation to change them.

For routine analysis of industrially produced niobium, manufactured and
sold to conform to ASTM specifications, the main techniques used are:

- optical emission spectrometry (0E3),

- atomic absorption spectrophotometry (aAS),
- atomic emission spectrometry (4ES) and

- X-ray fluorescence.

At . C Heraeus, the first method is most commonly used. A high
resolution spectrometer is employed which permits good line separation (0.125
na/mn in the first order) and, thus, largely eliminates problems of inter-
ference from the complex niobium-spectrum. The sample is excited by means of
a high intensity DC arc of 30 amperes.

The metallic sample is converted to oxide by exposure to air and,
subsequently, oxygen at elevated temperature. Small quantities of additives
are mixed with the oxide to stabilize the arc and to enhance volatilization.
To increase accuracy of determination of elements which may be present in
larger quantities (s.g., tantalum or tungsten), the sample is dissolved and
the solution analyzed. The spectra, recorded on photographic plates, are
evaluated first qualitatively and then photometrically to obtain a quantita—
tive analysis.

The other analytical techniques normally used by W. C. Heraeus are AAS

and AES. In both cases, the material is first dissolved in acid and the
analysis performed on the solution.
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When atoms are excited thermally or electrically, the energy taken up is
re—emitted in the form of the emission spectrum. If the excitation iIs caused
by light energy, the atoms only take up precisely defined energy components;
here the absorption spectrum iS observed.

The intensity of emission or absorption of light depends on the amount
of energy released or absorbed and, thus, on the amount of the element taking
part in the process. By measuring the light intensity via a photocell, the
concentration of the element in the solution can be determined.

In the AAS devices, the irradiation source is a hollow-cathode lamp
which emits a spectrum specific to a particular element. The excitation
source in the AES devices, which simultaneously serves as irradiation source,
is an electrically induced flame, i.e. plasma, containing ionized argon.

Applications

Niobium and some of its alloys (Nb-1% Zr, Ta-Nb, 50%Nb-50% Ti) have
found a broad field of application either because of their particular physi-—
cal properties or their corrosion resistance.

Therefore, a few special applications are briefly described below:

= niobium = 1 percent zirconium
as a material for the end caps in high-pressure sodium lamps

- 50 percent niobium = 50 percent titanium
as a superconducting material

= pure niobium
as the material for cavities in particle accelerators

= pure niobium and tantalum-niobium alloys
as materials in chemical plant

Niobium = 1 percent Zirconium

Since electric lighting was first introduced, the prime aim of research
and development has been to increase the ouput of the light source. In view
of the rising price and the shortage of energy, this aim is becoming ever
more important.

The most successful development in this field over the last decade has
been the high-pressure sodium lamp. Apart from the dense-sintered, trans-
lucent alumina ceramic, niobium or niobium - 1 percent zirconium 1is used in
the discharge tube. Both materials are chemically resistant to the sodium
vapor at a temperature of about 800 C. Furthermore, they have almost the
same thermal expansion coefficient, so that the brazed joint between them is
very reliable in service.

Therefore, this alloy is now the most commonly used material for the end
caps in high-pressure sodium lamps. It is normally produced from niobium with
an addition of zirconium.

The alloy components are mixed mechanically, pressed to melting elec-
trodes and melting in the EB furnace. To achieve the necessary ingot homo-
geneity, it is essential that the alloy is double remelted. The alloy can be
melted and fabricated in the same manner as pure niobium.
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The material is very ductile at low temperatures. Thus, by means of
suitable drawing processes, the final caps can be fabricated to precise
tolerances directly from strip without intermediate heat treatment. Figure
32 shows various types of end caps.

It is estimated that the current annual production of the western world
is around 20 million items for 10 million lamps. Niobium consumption is
estimated at about 3-5 tonnss per year.

Figure 32. Various Types of End Caps. Niobium - 1%Zirconium.

Niobium - 50% Titanium (37)

The development of technical superconductors is largely associated with
their application in magnetic coils for the production of high fields. With
the development of ductile, superconducting, solid-solution alloys such as
Nb-Zr and Nb-Ti, the development has reached a high technical standard. The
construction and the choice of alloy are substantially determined by the
application. Thus niobium with 44 percent to 52 percent titanium is a
material which fulfills to a large extent the electrical, mechanical and
fabricational requirements of a technical superconductor. Nb-Ti has ex-
cellent ductility and can be deformed to a reduction of well over 99.5
percent by rolling, drawing or, if necessary, by extrusion. Furthermore, it
can be readily fabricated as a composite material with soft copper.

Niobium as a Cavity Material for Accelerators

In recent years, niobium has found application in accelerators, storage
rings and RF-separators, as a result of its good superconducting properties.

All cavities have been made of pure niobium, either from solid material
or sheet. "Reactor grade" material is used with a tantalum content less than
1000 ppm.-
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Niobium and Tantalum-Niobium Alloys for Chemical Engineering (11, 75, 76)

The metallic elements in groups IVa and Va show good corrosion resis-
tance to aqueous solutions. The corrosion resistance is derived from the
formation of a stable, dense, adherent oxide layer.

While tantalum, zirconium and titanium have already found a wide range
of applications in chemical engineering, the corrosion resistance of niobium
has still to be tested under service conditions.

Niobium shows, for example, very good resistance to nitric acid and,
therefore, has a good chance of being used in nitric acid plant. However, a
prerequisite is that the required long-term tests should be carried out.

A further potential area of application for niobium is as an alloying
element for tantalum. Tantalum-niobium alloys show adequate corrosion
resistance in, for example, hot 70 percent sulphuric acid. This broadens the
range of materials between the highly resistant tantalum and the less resis-
tant, high-alloy steels.

Possible applications of niobium in the construction of chemical equip-
ment are in piping systems, pipe and tube components, measurement equipment,
vessels and heat exchangers.

A Final Word

"Considering, therefore, that the metal which has been examined is so
very different from those hitherto discovered, it appeared proper that it
should be distinguished by a peculiar name: and, having consulted with
several of the eminent and ingenious chemists of this country, 1 have been
induced to give it the name of Columbium",

Charles Hatchett, 1802 (79).
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