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Abstract

The medlothemic reduction of nicbium oxide with duminum is the most common production
method for the production of high purity niobium contaning mesterdloys for the production of
high grade nickd base superdloys. Usudly ferro niobium (FeNb) and nicked niobium (NiNb)
ae used as magerdloy for this purpose. The duminothermic production process and the two
genera plant designs, the reduction in ceramic vessas as well as in permanent copper moulds
are described, teking into consideration theoretical aspects. Both production methods are
suitable for magterdloy production and fulfill the requirements of the superdloy producers.



Introduction

Nickd base superdloys compete with sted products and even with titanium dloys. They
provide the combined benefits of extreme corroson resstance, heat resstance and very high
drength at elevated temperatures. These properties are required for gpplications such as in land
based turbines and arcraft turbine engines, petrochemical industry, on and off shore oil and gas
production, power generation, thermal processng, automotive, paper industry and food
processing.

Niobium has an important impact as an dloying eement in nickd base superdloys. Niobium
dloys have become increasingly important in industrid and arcraft applications, where
superior heat and corroson resstance are required. These types of superdloys contain up to 5
wit-% Niobium.

Nickel base superdloys are produced mainly by ac or induction melting (open as wdl as
vacuum) and by mechanical dloying for very high speciaized gpplications.

The dloying with niobium is caried out with the hep of mager dloys, eg. nickd niobium and
ferro niobium. The use of magter dloys for aloying is advantageous. Due to their comparable
low mdting points the magter dloys dissolve very quickly in the molten aloy. Combined with
the high purity they enable the production of very homogeneous, high grade superdloys.

Requirements on High Purity Niobium Magter Alloys

The purity and qudity of high grade superdloys are influenced by the qudity d raw materids,
melting technology and of course by the qudity of the mader dloys. The requirements on high
purity niobium master dloys therefore are more or less the same as the requirements on the
find superdloys regarding the composition and the impurity content.

The impact of impurities on the properties of superdloys can be hamful as wel as
advantageous. In any case the impurities have to be kept within very tight tolerances in order to
control the properties of the superdloys.

The devdopment of suitable mester dloys and the development of improved meting
technologies, eg. vacuum mdting in the past 30 years, had a mgor impact on the improvement
of the properties of superdloys. In particular, the eectrochemical properties are dependent on
the levd of impurities in the dloy. Elements like sulfur, lead, sdenium, tdlurium,
phosphorous, carbon and slicon are of mgor importance. The impact of these eements on the
corroson resstance is much higher than any difference in microgructure.  The effect on the
passivity isin accordance to the following order [1]:

S>Se>Te>P>C>S
Other properties of superdloys are dso impacted by impurities  The different types of

superdloys require different grades of magter dloys Table | shows two typica specifications
of FeNb and NiNb high purity master alloys respectively.



Table | Typicad specification of high purity (hp) niobium master dloys

Alloy

FeNb 40:60 hp

NiNb 40:60 hp

Production method
Composition (wt.%)
Nb

Al
C
Cr
Fe
P
Pb
S
Si
Ta
Ti
B
Se
Sn
Ga
Sb
Ag
Zn
As
Te
N
O

Méting temperature
Specific weight

metdlothermic reduction

min. 60
baance Fe
max. 1.5
max. 0.1
max. 0.1

max. 0.03
max. 0.005
max. 0.02
max. 0.25
max. 0.25
max. 0.1

max. 0.05
max. 0.10

1630 °C
8.2 glent

metallothermic reduction

min. 58
balance Ni
max. 1.0
max. 0.05
max. 1.0
max. 0.03
max. 0.002
max. 0.01
max. 0.25
max. 0.25
max. 0.1
max. 0.005
max. 0.0002
max. 0.001
max. 0.006
max. 0.001
max. 0.0005
max. 0.003
max. 0.003
max. 0.001
max. 0.05
max. 0.10

1280 °C
8.8 glent

The mog important method for producing niobium containing mester dloys for superdloys is
the metdlothermic reduction by auminum in one production step.
very pecid agpplications - metdlothermic reduced meder dloys ae refined in vacuum
induction furnaces (GfE — ,, Two Step Process").

The raw materid for the production of niobium mager dloys is niobium oxide Nb,Os. The
very tight specifications regarding impurities requires a pure niobium oxide. Table Il showes a

Method of Production

typica specification for niobium oxide suitable for master dloy production.

In addition - but only for



Table Il Typicd specification of niobium oxide for master dloy production

Nb,Os min. 99.0 (wt-%)
Ta max. 0.25
Fe max. 0.15
Si max. 0.10
Ti max. 0.10
C max. 0.05
P max. 0.01
S max. 0.01

Materia must be free of carbides and nitrides

Metdlothermic reductions are carried out a a temperature where both the metd and dag are
molten, to achieve a proper separation of the metad and dag phase, dthough the exothermic

reduction a higher temperatures isless complete than at lower temperatures.

Theoretica Congderations[2]

The reduction of Nb,Os by duminum follows the formula

3Nb,Os + 10 Al = 6 Nb + 5 AlLO3 - DG°t

@

The reection is exothermic and the free energy DG°t can be cdculaed in the temperature range

between 298 and 2700 K with the formula:
DGt = -9253+0,1362* T (k¥mol np2os)

The reduction of niobium oxide by auminum does not take place in one step but in severd
steps via niobium suboxides. Reaction (1) therefore has to be divided into 3 subformulas:

3NbyOs + 2 Al = 6 NbO, + AlLO3 - DG°t
3NbO, + 2 Al = 3NbO + AlLO3 - DG°t
3NbO + 2Al = 3Nb + Al,O3 - DG°r

The free energy, DG°t, can be caculated* asfollows:

Table Il Free Energy of the reaction of the metallothermic reduction of Nb205

e

3)
(4)
)

Reaction - DGt (kJ)

2000K 2100K 2200K 2300K
1 1,961 1,899 1,836 1,773
3 524 496 474 470
4 417 407 395 383
5 302 294 287 267

(*) caculated with GTT-Chemsage 4.0 program.



The magnitude of the free energy is an indication of the dability of a chemicad compound.
Table 11l shows, that the compound NbO (equation 5) is the most unstable compound in this
system. The losses of niobium in the dag therefore has to be as NbO.

The equilibrium of the metdlothermic reduction of niobium oxide by duminum therefore will
be controlled by equation (5). The equilibrium can be described asfollows:

N3\b * N ai203
Kp = (6)

3 2
N nbo * N%al

From this equilibrium equation the NbO-content in the dag is dependent on the temperature
and on the Al-content in the master alloy and can be derived as.

DG’r
INNbO = - 2/3In Al (7
3RT

DGt = free energy [kImal]
N = moles [-]
Kp = equilibrium congant [-]
R = ided gaslaw congtant [k¥mol*°K]
T = temperature [°K]

Figure 1 shows the dependency of NbO-content in the dag as afunction of the Al-content in
the master dloy at different temperatures.
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Figure 1. NbO-content in the dag for different temperatures and Al-content in
thedloy.



It follows that the losses of NbO will be increased by increasing temperature of the melt and by
decreasing the Al-content in the master dloy.

Production of Master Alloys

The theoreticdl congderation of the duminothermic reduction of NB,Os shows, that the
reduction should be done a temperatures as low as possible to achieve a high yidd. Also the
remaning Al content in the master dloy should be as high as possble for the same reason. But
there are some discrepancies. due to the melting point of the master aloy of 1630°C (FeNb hp)
and 1280°C (NiNb hp) respectivdly and the mdting point of the Al,O3; dag of approximately.
2050°C, a working temperature of a least 2050°C in the system is needed to keep the dag and
the metd molten to achieve a good separation of dag and metal. For economica reasons the
remaining Al content in the magter dloy should be as high as possible to get a high yied of Nb,
but the requirements of the customer limit the Al content to max. 1%. A compromise between
the requirements of the users and the thermodynamica behavior is therefore necessary.

For the formation of FeNb hp and NiNb hp, in addition to Nb,Os Fe- and Ni bearing
compounds or metas are necessary in the reaction. In the case of FeNb production iron oxide
Fe,Os is used, in the case of NiNb production nickd oxide NiO is used. The formation of the
metals is in accordance with the equations (8) — (9):

Fe,O3; + 2Al = 2Fe + AlL,O3 - DG°t (8)
3NiO + 2Al = 3Ni +AlLO3 - DG°t (9)

To keep dl the components of the reaction system liquid, it is necessaxy to reach a certain
reection temperaiure. The energy to reach this temperature in generd will be generated by the
exothermic reaction between niobium oxide and duminum. The formaion of the metds
according equations (8) and (9) also contributes energy to the reaction.

In prectice the reaction system will lose energy during the reduction by radiation and
convection. Depending on the size of the reaction vessd the heat loss could be too high. The
heat generated by the chemicd reections in the sysem then is not enough to reach a
temperaiure sufficient to mdt al the components of the reection sysem and to keep them
molten for a timeong enough to enable a proper dag - metal separation. In this case boosters
eg. potassum perchorate (KCIO4) have to be added to the reaction mixture to generate the
required heat. The flow diagram (figure 2) explains the production process of FeNb hp and
NiNb hp.

Pant Design

The dumincthermic reduction of niobium oxide is caried out on a production scae mainly in
two basic plant designs.

I. Reduction in ceramic vessals
I1. Reduction in permanent moulds
In plant design |, a vessd made of ceramic, mainly pure dumina is used for the topfiring of the

reaction mixture. Usudly, the vessd can be used only once and will be destroyed &fter the
reaction and subsequent dag - metal separation. For every heat anew vessd is needed.
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Figure 2: Aluminothermic production of FeNb hp and NiNb hp.

The main advantage of plant desgn | is the large Sze of the meta ingots The mass of an ingot
is usualy on the order of 2,000 - 3,000 kg. The advantage of the big size is, that the metal ingot
(and the dag) cool down very dowly over many hours, whereby a very good meta - dag
separation can occur. This reduces the risk of dag incusons in the master dloy. Developments
in the past regarding the preparation of the ceramic vessd, especidly the preparation of the
ceramic surface of the vessdl leads nowadays to very smooth metd surfaces with very low risk
of dag incdlusons. The manufacturing of the ceramic vessds is predominantly automated and
can be done very cogt effectively.

In plant design Il a permanent mould, mainly conssting of copper is used for the reaction. Due
to the high temperatures of the medt (>> 2000°C) the copper mould has to be water cooled by to
avoid mdting of the mould.

The main advantage of the copper moulds is, that the metal ingots have a very smooth and tight
surface. The mould can be used severd times.

A disadvantage is that ingot mass per heet is very smdl compared with plant design | and is
about 50 - 100 kg. Due to the smdl ingot Sze and the necessary cooling of the mould, the met
freezes rdatively quickly after the reection. This can lead to lower yidds and a poor dag -
meta separation with the risk of dag indusionsin the magter dloy.



Conclusion

The production of maester dloys of NiNb and FeNb by duminothermic reduction of niobium
oxide and the corresponding oxides of the aloying partners leads to products with a very high
purity and homogenity. All the requirements of the superdloy producers can be met. The
processes described are very flexible regarding the compostion of the maderdloy. Higtoricaly
the processes are well established and are standard processes for master dloy production used
for refractory metals. The processes are stable and cost effective.
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