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I N T R O D U C T I O N 

Tantalum has an outstanding resistance to 
corrosion, high mechanical strength, good thermal 
conductivity and good weldibility. The metal and its 
alloys are therefore used for a wide range of applications 
in plant construction, process engineering, electronic 
industry and in sophisticated high temperature materials. 
The total consumption of tantalum is assumed to be 
1000 t/a / l / . Approximately 750 t/a are used for carbide 
for cutting tools and capacitors in the electronic industry. 
The balance of 250 t/a is consumed in the production of 
high temperature superalloys and in the chemical 
industry. Whereas the material for carbide and capacitor 
production is produced by the chemical route, tantalum 
and its alloys must be produced by melting and 
subsequent ingot casting as the material is needed in the 
form of rolled or forged products. Fig. 1 shows a typical 
example of application in the chemical industry. 

Niobium is also highly resistant to a large number 
of chemical agents. The average world consumption of 

Fig. 2: Four-Cell Nb-Cavity Structure 
(Courtesy of CERN, Lucerne/ 
Switzerland) 

niobium is roughly 12,000 t/a. Apart from the use of 
niobium as an alloying element in high strength steels 
and superalloys, one important application of niobium 
and its alloys, like NbTi and Nb3Sn, lies in the field of 
superconductor for the manufacture of so-called cavities 
for large-scale particle accelerators (Fig. 2). Nb-supcr-

Fig. 1: Tantalum Cladded Pressure Tubes (Courtesy of W.C. Heraeus, Hanau/Germany) 
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conductors used as the wall material of such cavities 
have led to a tenfold reduction in high-frequency losses 
121. The physical properties of these metals are in-
fluenced by the impurity content. The superconductivity 
of niobium below the critical temperature (< 9.2 K) 
depends on the thermal conductivity of the material at 
superconducting temperature (4.2 K). Between 4 Κ and 
9 Κ the thermal conductivity of niobium is determined 
by electron conductivity and, therefore, strongly in-
fluenced by the impurity content. Interstitially dissolved 
impurities, such as oxygen, nitrogen, carbon and 
hydrogen, reduce the conductivity substantially /3/. Fig. 
3 shows the relationship between the impurity content 
and residual resistivity ratio (RRR), which is a measure 
for superconductivity. It is evident that high RRR-
values for better conductivity can only be achieved with 
a very low concentration of interstitially dissolved 
impurities /2/. 

CONSIDERATIONS FOR T H E M E L T I N G 
E Q U I P M E N T 

Tantalum and niobium with melting points of 
2996 'C and 2471 'C, respectively, belong to the group 
of high-melting metals. Additionally, both metals are 
reactive and tend to form compounds or to dissolve non-
metallic elements like oxygen, nitrogen and carbon. 
These properties make it difficult to melt and refine them 
by melting processes. Accordingly, the consolidation 
and refining processes are done today in a ceramic-free 
crucible by electric arc or electron beam under high 
vacuum. The selection of either of the two processes 
depends on the initial impurity content of the feedstock 
and on the final desired purity of the remelted product. 

For high purity material, which is especially 
necessary for application in the electronic and nuclear 
industries, the electron beam remelting technology is the 

Fig. 3: Simulated and Measured RRR-Values Depending on Co. 
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Table 1 
Comparison of Characteristics of Electron Beam Melting and Competing Processes 

Metal Sinter ing Vacuum Arc Melting EB-Mel t lng 

Advantages Limitations Advantages Limitations Advantages Limitations 

Tungsten, small grain refining limi- moderate refining limi- highest pos- large grain 
Molybdenum size; most ted; small grain size; ted; costly sible purity; size; brittle 

often used batches; acceptable electrode economical product; 
high energy workability; preparation; feedstock very rarely 
consumption large ingots; melting preparation; applied 

low energy dangerous large ingots; 
consumption low energy 

consumption 

Tantalum, small grain same as alloying; mo- refining limi- same as alloying 
Niobium size; good above; rarely derate grain ted; expen- above; most limited 

workability applied size; large sive elec- frequently 
ingots; low trode; mel- used 
energy con- ting dan-
sumption gerous 

Hafnium, same as alloying dur- almost no re- good refining; high melting 
Vanadium above ing remelting fining; costly economical costs 

electrode feedstock 
preparation; preparation 
melting dan- and ingot 
gerous production 

Zirconium, not used very low con- limited refi- economical alloying limi-
Titanium tamination; ning; expen- feedstock ted; material 

wide range of sive feed- preparation; losses from 
alloying pos- stock pre- refining of splatter; high 
sible; large paration; high-density furnace in-
ingots; low only round inclusions; vestment 
energy con- ingots melting of 
sumption; slabs, ingots 
economical and rods; 
melting high 

production 
rate; low 
energy con-
sumption 

most effective process. During the last three decades, the 
electron beam furnace equipped with a high power 
electron gun has emerged as a reliable and efficient 
apparatus for melting and refining of high temperature 
metals and alloys. Advantages and limitations of 
different processes for the production of reactive and 
refractory metals and alloys are shown in Table 1 /4/. 

Electron beam melting and refining is characterized 
by the following main features: 

- melting in a wide vacuum range ( 1 0 4 Pa to 10 Pa), 
- high flexibility and controllability of the process 

temperature, melting rate and reaction, 
- use of a wide variety of feedstock materials in terms 
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Fig. 4: Electron Beam Drip Melting Process (schematic). 

of quality, size and shape, 
- high power density (103 W/cm2 to 106 W/cm2) for 

local superheating, if necessary, 
- high degree of process automation, and 
- the possibility to produce various ingot cross 

sections such as round, rectangular, square, etc. 

For the production of clean and ductile ingots of 
reactive and refractory metals, the electron beam drip 
melting process is generally used (Fig. 4). The electron 
beam accelerated in a high potential is focussed onto the 
metal to be melted, the so-called feedstock or electrode. 
Nearly all the energy is converted into heat. The tip of 
the electrode melts and drops into a water-cooled copper 
mould, where the liquid metal solidifies. Usually a 
short-collar mould is used and the solidified ingot is 
retracted continuously from the mould. One part of the 
electron beam energy is used to melt the electrode tip and 
another part is used to keep the pool of the metal liquid 
in the mould in order to get a smooth ingot surface. As 
shown in Fig. 4, drip melting can be carried out by the 
horizontal or vertical feeding of the electrode. For the 
production of tantalum or niobium, horizontal feeding is 
generally used for the first melt. As a result of the 
shadow effect of the feedstock bar on the molten bath 

surface, a sector of lower quality in the ingot is created. 
This is particularly the case if the width of the bar is of 
the same order of magnitude as the bath diameter. 

The second and subsequent further runs are always 
carried out with a vertical electrode feeding. The slowly 
rotating electrode and the fact that the molten bath 
remain shadow-free ensure a radially symmetrical bath 
profile, a molten bath which extends right up to the 
crucible wall and thus assures the formation of a 
virtually perfectly smooth ingot surface on the final 
ingot The depth of the bath and its movement can be 
influenced by adjusting the distribution of the electron 
beam power. The removal of interstitially dissolved 
impurities can be controlled at a constant chamber 
pressure by regulating the superheat of the molten pool 
and by adjusting the melting rate. The power require-
ments of electron guns depend on the melting points of 
materials to be melted and on the ingot size. Fig. 5 
shows the power requirements for various metal and 
ingot sizes /5/. It is evident that, for a given ingot size, 
power requirement increases with increasing melting 
point. To ensure the production of clean and homo-
genous tantalum and niobium ingots in an electron beam 
drip melting furnace, various aspects of material pro-
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Fig. 5: Power Requirements for Various Metal and Ingot Sizes. 

cessing and handling must be controlled. Key con-
siderations include: 

- dimension and quality of the fccdstock and the feeding 
system used, 

- ingot cooling and unloading during melting of 
another ingot, 

- passivation and removal of condensates from the melt 
chamber, 

- planning of melt sequences to minimize time for 
furnace cleaning, 

- operator skill in the operation of the furnace. 

The drip melting furnace includes the electron beam 
gun as a heat source, electrode feeding and an ingot with-
drawal system, a water-cooled crucible for material soli-
dification and a suitable pumping system to maintain 
low pressures. Process observation, both visually and 
with a video system, is possible through view ports. 
Fig. 6 shows the inside of the furnace during drip 
melting of niobium. The control system allows adjust-

ment and control of process parameters such as electron 
beam power, operating vacuum level, electrode feeding 
rate and ingot withdrawal speed. A typical electron beam 
drip melting furnace for tantalum and niobium is shown 
in Fig. 7. The furnace is equipped with two 250 kW 
electron beam guns. The figure also shows a niobium 
ingot just after unloading from the furnace. 

METALLURGY OF THE REMOVAL OF 
UNDESIRED IMPURITIES 

During electron beam melting, removal of various 
metallic impurities takes place by evaporation. The 
degree of elimination is governed by the following steps: 

1. Evaporation from the bath surface. 
2. Diffusion rate in the molten metal phase. 
3. Diffusion rate in the gas phase. 

Due to a relatively large surface to volume ratio in 
the liquid phase, Step 1 is the controlling step /6/. The 
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parameters influencing the evaporation rate of dissolved 
metallic impurities are described by Langmuir's equation: 

m x = P x (Μχ / 2 Π π Τ ) 1 / 2 (1) 

where 
mx is the evaporation rate of element X, 
P x is the vapour pressure of element X at the given 
temperature, and 
Mx is the molecular weight of element X. 

It is evident that the evaporation rate depends on the 
vapour pressure of the element. Experimental results /6/ 
as shown in Fig. 8 confirm that the higher the vapour 
pressure of an element the lower its final content after 
electron beam melting. It is also evident from Fig. 8 
that when the vapour pressure is higher than 104 Pa at a 

Fig. 6: Drip Melting of Niobium. m e l t b a t h superheat of 100 "C, the content of the 

Fig. 7: EB-Drip Melting Furnace for Tantalum and Niobium. 
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impurities can decrease to less than 1 ppm after multiple 
electron beam melting. 

For optimal physical and chemical properties, the 
reduction of interstitial dissolved nonmetallic elements 
like hydrogen, nitrogen, oxygen and carbon are of special 
importance. As shown in Fig. 3, the residual resistance 
ratio of superconducting niobium is strongly dependent 
on the content of these elements. The thermodynamic 
equilibrium for the content of hydrogen and nitrogen in 
niobium and tantalum is given by Sievert's law: 

(2) 
[ N ] d i s s ^ ± k VPu, 

(Hldiss^k VPHg (3) 

Due to a relatively low pressure in the chamber in 
the range of 10"1 Pa to 10 3 Pa, these two elements can 
easily be removed during drip melting. It must, of 
course, be taken into account that considerable quantities 

Refining of Tantalum and Niobium 

of hydrogen and nitrogen may be picked up during the 
cooling of the ingot. As the residual furnace atmosphere 
mainly consists of H2O, O2, N2 and H2, the rate of 
absorption depends on the number of these molecules 
striking the surface per unit of time /5/. 

Compared to hydrogen and nitrogen, the removal of 
carbon and oxygen takes place by chemical reactions: 

[C] + [ 0 ] < ± c o g a s
 ( 4 ) 

[Me]x + [ 0 ] y ^ ± M e x C ^ g a s (5) 

In order to achieve a very low carbon content in the 
remelted material, it is necessary to adjust an excess of 
oxygen in the feedstock. But the excess of oxygen 
cannot be unlimited because undesired material loss due 
to the formation of volatile oxide occurs (see Eq. 5). 
Table 2 shows a comparison of the final carbon content 

Fig. 8: Relationship Between Vapour Pressure and Ultimate Content of Impurities in W, Ta, Mo, Nb and Ti. 
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Table 2 
Relationship Between Carbon-Content and O/C-Ratio 

Melt A 
Melt Β 

Melt A 
Melt Β 

C iri Ta scrap 1200 ppm 440 ppm 

O/C-ratio 1.7 4.5 

Final C 30 5 

Table 3 
Impurity Content After Each Melting Cycle 

Melting 
Cycle 1 2 3 4 5 6 

C ppm 8 8 7 10 6 8 

0 ppm 675 128 54 32 17 19 

Η ppm 1 1 1 1 1 1 

Ν ppm 128 59 45 28 26 20 

Total 812 196 107 71 50 39 

in tantalum depending on the O/C-ratio in the feedstock. 

Unfortunately, in technical melts the equilibrium 
conditions for a chamber pressure between 1 0 1 Pa to 
10"3 Pa are never reached during the first melting of the 
feedstock. Several melt sequences must be carried out in 
order to achieve the highest possible purity. Fig. 9 
shows the change of concentration of oxygen and 
nitrogen depending on the melting sequence during 
niobium refining /7/. Another important fact for the 
removal of impurities is the superheat of the melt: 
higher superheat has a beneficial effect on the removal 
rate (Fig. 10) /7/. But higher superheat also means 
higher loss of metal due to evaporation, especially in the 
case of niobium. 

For tantalum and niobium of commercial purity, 
two melt sequences are usually sufficient. But in the 

case of superconducting niobium with a high RRR-
value, six melting cycles are sometimes necessary, 
depending on the initial impurity content (see Table 3) 

m. 

ECONOMICS OF ELECTRON BEAM DRIP 
MELTING 

In spite of the fact that electron beam drip melting 
is an energy-intensive process, it dominates today in the 
field of production of ductile refractory metal ingots of 
high purity as illustrated in Fig. 11 /8/. Development 
of reliable high power electron beam guns and a fully 
automated furnace concept with better vacuum and higher 
productivity led to overall cost reduction and to better 
quality. Operation data of a new generation of electron 
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Fig. 9: Comparison Between Theoretical and Experimental Refining Data for Oxygen and Nitrogen in Niobium. 

Fig. 10: Influence of Superheating Above the Melting Point on the Removal of Oxygen and Nitrogen in 
Niobium. 
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Fig. 11: Worldwide Assignment of EB-Furnaces 

beam furnaces compared to those of an older one is 
shown in Table 4, as published by Rausch and Lambert 
/9/ of Fansteel, Inc. 

These data are based on a 24-hour, 5 days per week 
and 52 weeks per year operation using two melt cycles 
for tantalum and three melt cycles for niobium. They 
also compared the production cost and found a total cost 
reduction of 11.98 US$/kg of tantalum and 16.77 
US$/kg of niobium in the LEYBOLD DUFFERRIT's 
new furnaces. This reduction is solely due to the fully 
automated new furnace concept 

SUMMARY 

The physical and material properties of tantalum 

and niobium depend on the residual metallic and 
nonmetallic impurities. The concentration of inter-
stitially dissolved elements like carbon, oxygen, 
nitrogen and hydrogen have strong detrimental effects on 
material properties. Especially for the superconducting 
application of niobium and its alloys, the content of 
these elements must be kept at the lowest possible level. 
The electron beam drip melting furnace is the most 
suitable instrument for the production of superclean 
refractory metals. Modem furnace concepts equipped 
with reliable high power electron beam guns, better 
vacuum and full automation led to an appreciable 
increase in productivity, to a decrease in production cost 
and, at the same time, to an improvement in material 
quality. 
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Table 4 
Operation Data of EB-Melting of Tantalum and Niobium 

New LEYBOLD DURFERRIT 
Furnaces 

Tantalum Niobium 

Old STAUFER Furnaces 

Tantalum Niobium 

Starting Weight kg 1180 1094 1471 800 

Ingot weight kg 1000 910 1161 589 

Metal Yield % 84.7 83.2 78.9 73.6 

Ingot diameter mm 305 305 280 203 

Melting time h 14.4 29.5 63.6 79.3 

Total time h 21.2 38.4 112.8 132.1 

EB-energy kWh 12,230 15,550 28,050 31,860 

Aux. energy kWh 6,700 12,295 23,250 27,090 

Total energy kWh 18,930 27,845 51,300 58,950 

Spec, energy 
consumption 

kWh/kg 18.9 30.5 44.2 90.1 

Melt speed kg/h 69.4 30.8 18.3 7.43 

Production 
speed 

kg/h 47.2 23.7 10.2 4.46 
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