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ABSTRACT 

The p repa ra t ion  of niobium has been attempted by a 

number of chemical and electrochemical  rou te s .  Chemical 

reduct ion  of oxides  and h a l i d e s  such a s  Nb205, B2NbOF,, 

K2NbF7, and NbC1,  has been conducted w i t h  varying degrees  

of success .  Aqueous electrochemical  reduct ion  has  no t  y e t  

y ie lded  a m e t a l l i c  depos i t .  The e l e c t r o l y s i s  of molten 

ba ths  conta in ing  K2NbOF, or K2NbF, has  produced niobium 

metal .  .- 

The more promising methods of p repa ra t ion  f o r  Nb 

m e t a l  a t  t h e  p re sen t  t i m e  inc lude  t h e  r e a c t i o n  of Nb20, 

w i t h  C ,  t h e  H2 and a c t i v e  metal reduct ion  of NbC1,  and 

e lec t ro lys i s  of K2NbF7 -NaC1 melts. 

I -.,I 
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A Review of t h e  Ex t rac t ive  Metallurgy of Niobium 

M. E .  S ibe r t ,  A .  J. Kolk and M. A .  S te inberg  

In t roduc t ion  

The metal  niobium (columbium) w a s  first isolated i n  

1907, but has  been produced commercially only s i n c e  about 

1930, and only i n  very minor amounts. Several  interdependent  

f a c t o r s  account f o r  t h i s ,  inc luding  lack of known uses for 

t h e  metal ,  high c o s t  of o r e s  and product metal ,  d i f f i c u l t i e s  

i n  sepa ra t ion  of o re s ,  and lack  of knowledge concerning the  

chemis t ry  of niobium. 

The only uses for  t h e  metal  t hus  f a r  developed a r e  i n  

t h e  e l e c t r o n i c  indus t ry  and as  an a l l o y i n g  agent  i n  t h e  form 

of ferroniobium. However, i n  r ecen t  months, i n t e r e s t  i n  t h e  

metal  has  shown a marked inc rease  due i n  p a r t i c u l a r  t o  

p r o p e r t i e s  of t h e  metal  which i n d i c a t e  a p o t e n t i a l  value i n  

t h e  f i e l d  of atomic energy. Among t h e  p r o p e r t i e s  of i n t e r e s t  

are its low neutron cross s e c t i o n ,  r e f r a c t o r y  na ture ,  cor- 

r o s i o n  r e s i s t a n c e ,  superconduct iv i ty ,  and its l o w  work 

hardening na ture .  A summary of basic properties of t h e  

metal are l i s ted  i n  Table I .  

T h i s  summary of t h e  known p r o p e r t i e s  of t h e  metal 

quickly i n d i c a t e s  why i n t e r e s t  has been revived i n  niobium 

metal lurgy.  The need f o r  new s t r u c t u r a l  m a t e r i a l s  is  
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Table I 

. 

c 

Properties of Niobium (I-') 

Melting Point 
Boiling Point 
Specific Heat (cal/g. atom/"(=) 
Density (g/cc) 
Lattice Type (no phase transformations) 
Lattice Constant (291°K) 
Coefficient of Linear Expansion/"C 
Atomic Volume (cc/g atom) 
Heat of Sublimation (Kcal/g atom) 
Electrical Resistivity (p ohm cm -0°C) 
Temp. Coeff. of Elect. Resistivity "C 
Electron Work Function (ev) 
I oni za t ion Po tent ia 1 
Positive Ion Emission (ev) 
Neutron Cross Section (barns-abs) 
Electrochemical Eq. (+5) g/A hr. 
Magnetic Susceptibility (CGS) 
Tensile Strength, Annealed Sheet (psi) 

Shear Modulus (dynes/cm2) 
Young's Modulus (dynes/cm*) 
Poissons Ratio 
Reaction with oxygen (7.6 cm O2 pres.) 

1 1  I 1  , Cold Worked l 1  1 1  

1T lV nitrogen 

1 1  1 1  hydrogen 
Price per lb. (1957) 

2468 2 10°C 
ca. 3300°C 
6.012 
8.66 
BCC 
3.3004 
7.1 x 
10.83 
170.9 
15.22 
0.00395 
4.01 
6.77 
5.5 

0.6932 
2.28 x 

1.1 2 0.1 

44-50,000 
100,000 
3.75 x 10'11 
10.4 x 
0.38 
parabolic to 375°C 
Same as o2 at 375°C 
(parabolic) 
Starts at 250°C 
ca. $120.00 
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c o n t i n u a l l y  i n c r e a s i n g  i n  t h e  areas of reactor technology 

and nuc lear  propuls ion  and a material w i t h  neutron cross 

s e c t i o n ,  mechanical and stress r u p t u r e  p r o p e r t i e s  e x h i b i t e d  

by niobium cannot be overlooked. 

Niobium possesses  a n  outs tanding  p o t e n t i a l  as  a 

material of c o n s t r u c t i o n  i n  a i r c ra f t  gas  t u r b i n e  engines .  

Pre l iminary  data on some N b  base a l l o y s  i n d i c a t e  t h a t  t h e y  

can  be used a t  temperatures  cons iderably  i n  excess  of t h e  

p r e s e n t  1800'F. T h i s  would enable  h igher  power/weight 

r a t i o s  t o  be achieved. 

Niobium w a s  first discovered i n  1801 (l96) when Ha tche t t  

noted an  unfami l ia r  substance i n  a Connecticut ore. H e  

named t h e  material columbium a f t e r  i t s  source.  I n  1802 

Ekeberg noted an  acidic  oxide of a n  element which he called 

tantalum. About 40 y e a r s  la ter ,  H. Rose showed t h a t  some 

columbites conta ined  t w o  acidic oxides,  tantalum, and 

another  which  he  called niobium. The l a t t e r  w a s  soon shown 

t o  be i d e n t i c a l  w i t h  columbium. 

Elemental niobium w a s  f i r s t  prepared by Von Bolton ( 5 )  

i n  1907 a t  Siemens-Halske through a sodium reduc t ion  of t h e  

f luon ioba te .  

Balke )q developed the  first commercial method i n  

1929. The process w a s  analogous t o  t h a t  for  tantalum and 
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involved a fus ion  e lec t ro lys i s  of K2NbF7 o r  K,NbOF, with or 

without a d d i t i o n  of Nb20, and a l k a l i  chlorides o r  f l u o r i d e s .  

Since t h a t  t i m e  a v a r i e t y  of o the r  procedures have been 

developed or proposed f o r  Prepara t ion  of niobium al though 

none of these have been appl ied  t o  commercial p r a c t i c e .  

I t  is t h e  purpose of t h i s  paper t o  review t h e  approaches 

made t o  the  e x t r a c t i v e  metallurgy of niobium and t o  demon- 

s t r a t e  which approaches o f f e r  t he  most promise. 

Niobium is  s i m i l a r  i n  many r e s p e c t s  t o  t i t an ium,  

zirconium, vanadium and tantalum and t o  a lesser e x t e n t ,  t o  

a l l  t h e  mul t iva len t  t r a n s i t i o n  metals .  This  being t h e  case, 

i t  would be expected t h a t  analogous methods of p repa ra t ion  

would apply t o  niobium as  a r e  used f o r  zirconium, tantalum, 

e tc .  

The broad a r e a s  of approach t h a t  have been i n v e s t i g a t e d  

for niobium are the following: 

(1) Reduction of oxides 

(2) Reduction of h a l i d e s  and oxyhalides.  

Each of t hese  may i n  t u r n  be broken down i n t o  3 ca te -  

g o r i e s ;  ( a )  a c t i v e  m e t a l  r educ t ion ,  (b) non-metal reduct ion ,  

and (c )  e lectrolyt ic  reduct ions .  Each of these  s i x  process  

types  is considered and t h e  previous work b r i e f l y  reviewed. 

Free energy cons ide ra t ions  have been est imated for  most of 
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t h e  r e a c t i o n  types  i n  o rde r  t o  g ive  some r e l a t i v e  idea as  t o  

t h e  va lue  of and j u s t i f i c a t i o n  f o r  each approach. 

Reduction of Oxides 

Niobium forms a t  least  t h r e e  oxides ,  Nb2OS9 Nb02, NbO, 

and poss ib ly  NbaOs. The pentoxide is probably t h e  most 

r e a d i l y  a v a i l a b l e  form of t h e  element and t h u s  i s  an  a t -  

t r a c t i v e  s t a r t i n g  material. The o t h e r  ox ides  are a l so  e a s i l y  

prepared by simple r educ t ions ,  e;g. ,  by hydrogen. 

Thermodynamic d a t a  on 3 oxides  a s  r epor t ed  by Glassner  (9 1 

is  shown i n  F igure  1. I t  i s  seen  t h a t  t h e  oxides  are q u i t e  

s t ab le  and would probably be reduced only by t h e  a c t i v e  

metals e 

Active Metal Reductions 

Using t h e  d a t a  i n  F igure  1 toge the r  wi th  d a t a  from 

Qui l l  ( ' O ) ,  free energy c a l c u l a t i o n s  w e r e  made for reductions 

us ing  sodium, magnesium, calcium, and aluminum as  representa-  

t i v e  r educ tan t s .  The r e s u l t s  shown i n  F igu res  2, 3, 4 and 5 

i n d i c a t e  t h a t  r educ t ions  of niobium oxides  us ing  magnesium, 

calcium and aluminum are thermodynamically f e a s i b l e ,  bu t  t h e  

sodium r e a c t i o n  is  not .  Presumably similar cu rves  would be 

obta ined  f o r  o t h e r  a l k a l i  and a l k a l i n e  e a r t h  metals a s  f o r  

sodium and calcium r e s p e c t i v e l y .  
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Both magnesium and sodium reduc t ions  become less favor- 

a b l e  a s  t h e  temperature is  raised, bu t  aluminum r e d u c t i o n  i s  

s l i g h t l y  favored with i n c r e a s i n g  temperature .  T h i s  would 

i n d i c a t e  t h a t  t h e  aluminothermic or the rmi t  type  of r e a c t i o n  

might o f f e r  some promise f o r  niobium. 

Even though t h e  Mg and A 1  r educ t ions  of t h e  oxides  are 

f avorab le ,  such r e a c t i o n s  are not  a p a r t i c u l a r l y  d e s i r a b l e  

approach t o  niobium p repa ra t ion .  I n  a l l  such cases, a major 

s e p a r a t i o n  problem would e x i s t  f o r  t h e  i n s o l u b l e  by-product 

ox ides  such a s  MgO or A1203. I n  a d d i t i o n ,  t h e  s o l u b i l i t y  of 

A 1  i n  N b  as  w e l l  a s  compound formation between t h e s e  t w o  

metals makes a good s e p a r a t i o n  extremely d i f f i c u l t .  

A s  might be p red ic t ed  from t h e  f r e e  energy of r e a c t i o n  

curves ,  p r a c t i c a l l y  a l l  r epor t ed  work i n  t h i s  area has  

concerned r educ t ion  of t h e  pentoxide wi th  a l k a l i n e  e a r t h s  or 

aluminum. There i s  no report of a d u c t i l e  niobium product 

being prepared by such a r educ t ion  d e s p i t e  t h e  f avorab le  

f r e e  energy r e l a t i o n s .  However, i t  must be noted t h a t  t h e  

prev ious  AF va lues  are only approximate and do not  cons ider  

a l l o y i n g  or s o l u t i o n  ene rg ie s .  

The work of s e v e r a l  i n v e s t i g a t o r s  i n  t h i s  area is  

l i s t e d  i n  Table 11. I n  s e v e r a l  of t h e  experiments,  Nb 

a l l o y s  have been prepared.  P a r t i c u l a r l y  i n  t h e  case of 



- 12 - 
Table I1 

Metallic Reduction of Oxides 

System Reference Conditions Resu l t s  

Nb2° 5 

Nb20,-Ca 

Nb205-Al 

Nb20s-MiSCh- 
Metal 

Nb20,-CaC2 

Nb205-Ca, Mg, 
Li, Ba,  or  A 1  
S i l i c i d e  + C a  
o r  Ba hydride 

Bridge ( 1922) (11) high temp. Nb metal 
Leemans( 1939) (12) W .  Ta205 Nb-Ta s l a g  

Bridge( 1922) (I1) Nb m e t a l  
Marden( 1927) ( 13) CaC12 m e l t  

+ a l k  metal Nb metal 
( v) -bomb- powder 
900 O 

Leemans( 1939) ( 12) W. Ta20s Nb-Ta s l a g  
Dickson( 1956) (I4) proposed -- 

method 

Pennington( 1896) ( 15) 

Goldschmidt( 1898) ( l 6 )  thermi t  A l l o y  

Bridge( 1922) (I1) Nb metal 
Leemans( 1939) (I2) W. Ta205 Nb-Ta s l a g  

K3AlF6-NaCl Nb-A1 a l l o y  
m e l t  

r e a c t i o n  

~ e i s s (  1904) ( l7 
Muthan(  1907) (18) 

Nb-A1 a l l o y  
Nb-A1 a l l o y  

~eemans( l939)  (1') elec. Nb-Ta a l l o y  
furnace 

Gardner( 1950) (20) react in NbSi2; Si 
current of d i s t i l l e d  
a i r  a t  3300' 

Nb20,-S or CS2- Gardner( 1951) (21) 2 s t e p s ;  pure Nb 
CaH2 or BaH2 NbS2(1) 2 

Nb(2) 
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A1-Nb, i t  has  been repor ted  t h a t  t h e  sepa ra t ion  is  extremely 

d i f f i c u l t .  

T h i s  approach does offer one promising p o t e n t i a l  i n  

t h a t  i t  might be employed a s  a means of prepar ing  a crude Nb 

product t o  be employed as a base ma te r i a l  f o r  a subsequent 

r e f i n i n g  process .  

Non-Me t a  1 Reductions 

The most commonly used non-metall ic r educ tan t s  a r e  

hydrogen and carbon. Free energy cons ide ra t ions  f o r  t h e i r  

reduct ion  of Nb oxides  are shown i n  F igures  6 and 7 .  A l l  of 

t h e  curves are f o r  reduct ion  t o  metal except t h e  t w o  H2 

r educ t ions  f o r  Nb20, i n  Figure 6 .  

I t  is  seen  t h a t  t h e  carbon reduct ion  i s  favorable  a t  

about 1500'K and above. The hydrogen r e a c t i o n  does not  

become favorable  u n t i l  over 3000'K. Thus assuming proper 

e q u i l i b r i a  and k i n e t i c  cons ide ra t ions ,  t h e  carbon r educ t ion  

of t h e  oxide would be a n  a t t r a c t i v e  approach. The hydrogen 

r educ t ion  is  seen t o  be considerably more a t t r a c t i v e  for  

p a r t i a l  reduct ion  of Nb205. 

I t  is  seen from Figure 6 t h a t  Nb20, is  r e a d i l y  hydrogen 

reduced t o  Nb02. The same a p p l i e s  t o  Nb203, bu t  reduct ion  

t o  NbO is d i f f i c u l t  and proceeds only above 2000'C even i n  
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a high vacuum. Generally,  there would be no g r e a t  advantage 

i n  ob ta in ing  t h e  lower oxide unless  i t  could be used i n  a 

secondary s t e p  where Nb20, could not ,  e .g . ,  i n  an  e lectrolyt ic  

process ,  

Figure 8 is  a sample of carbon reduced Nb20, conta in ing  

over 99% metal. 

I n v e s t i g a t i o n  i n  t h e  a r e a  of non-metall ic reduct ion  has 

followed i n  genera l  what would be pred ic ted  on t h e  b a s i s  of 

thermodynamic cons ide ra t ions .  A number of such i n v e s t i g a t i o n s  

d e a l i n g  with hydrogen, carbon and o t h e r  non-metal r educ tan t s  

f o r  Nb20, a r e  l i s t e d  i n  Table 111. The NbC reduc t ion  of t h e  

oxide is  a commercially used process .  

Except f o r  t h e  p repa ra t ion  of f i l amen t s ,  t h e r e  is no 

v e r i f i e d  claim of a success fu l  hydrogen reduct ion .  Von 

Bichowsky (30) has claimed t h e  prepara t ion  of Nb by a novel 

H2 r e d u c t i o n  wherein a mixture of N b 2 0 ,  and an  oxygen 

bear ing  N i  compound (NiCOs,  NiCl2.xH20, etc.)  i s  reduced 

y i e l d i n g  an Nb-Ni a l l o y .  The N i  is then removed by a CO 

t rea tment  e 

There are a l a r g e  number of r e p o r t s  of success fu l  

carbon r educ t ions  of Nb205, but i n  l i g h t  of r e c e n t  work, t h e  

p u r i t y  of products  so produced i s  i n  doubt.  

Z i n t l  (37) has repor ted  a success fu l  reduct ion  using Si 
A 
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Table I11 

Non-Metallic Reduction of Oxides 

System Reference Condit ions Resu l t s  

Nb20,-H2 Heany ( 1907) (22) 
Kuzel( 1912) ( 2 3 )  
Dobkevitch( 1913) (24)  

Wartenberg 19 3) (25) 
Rohn( 1933) t 26P 

Grube( 1939) 

Kubaschewsky 1940) (28) 

Von Bichowsky( 1956) ( 3 0 )  

Brauer ( 1941) t d  

white hea t  
NH3 i n  
atmosphere 

oxide on 
(1)  metal 
ba th-e e g . 
Fe 

mixed w e  
Ni-0 compd 
and reduced 

Nb f i l amen t s  
Nb f i lament  
NbN f i l amen t  

c la im N b  
Nb f i l amen t s  
Nb a l l o y s  

NbO2, Nb203, 
N b O ,  Nb20 
reduced oxides  
reduced oxides  
Nb-Ni; N i  
removed by CO 

Nb20,-C S t  .Claire Devi l le  Na2C03 f l u x  c a r b o n i t r i d e  
(1868) ( 3  l) 

Von Bolton( 1907) C reduced pure Nb 3 
Moissan(l901) (32) Nb + 2e3-3.4% C 

t o  NbOa; 
Nb02 heated 
i n  vac. 

Rohn( 1934) (33) NbC used N b  metal 

Balke( 1940) 
Nb204 

Sue( 1939) (3  4)  

NbC i n s t e a d  pure N b  
C a t  
1600-1800 "C 

Nb20, + any 2 Leemans(l938) (36) 
of Fe, Fe3C, 
CaC2,  C 

Nb20,-Si or  Z i n t l (  1942) (37 1 
NbSi2 

18OO0C vac. pure Nb + 
si0 
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or NbSi2 as  t h e  reductan t .  T h i s  has  not been confirmed. 

E lec t ro ly t ic  Reduction 

A l o g i c a l  use of t h e  oxide i n  niobium e x t r a c t i v e  

metallurgy w a s  its use i n  a fused s a l t  e lectrolyte ,  pa r t i cu -  

l a r l y  i n  procedures analogous t o  t h e  H a l l  process  f o r  A l ,  

t h e  Fans t ee l  Ta process  employing Ta20, i n  K2TaF, p l u s  o t h e r  

common chlorides., 

I t  is  extremely doubt fu l  t h a t  t h e r e  is  any hope for  

ob ta in ing  niobium electrolyt ical ly  i n  processes  using 

aqueous or organic  oxygen bear ing e l e c t r o l y t e s .  

has  been done but w i t h  no repor ted  success .  The behavior 

of N b  i n  t h i s  r e spec t  i s  very similar t o  t h a t  of T i  and Z r .  

Fused s a l t  methods employing oxides  as a feed  m a t e r i a l  

Some work 

are not considered promising because N b  forms s t a b l e  Nb-0 

i o n s  i n  such m e l t s ,  and t h e  p o s s i b i l i t i e s  of achieving pure 

metal  from such s y s t e m s  is remote. - 
This  i s  borne out  by t h e  l i t e r a t u r e .  Several  s y s t e m s  

a r e  summarized i n  Table I V ,  none of which produced a pure 

product.  Re la t ive ly  l i t t l e  work has  been done on electroly- 

sis of N b  oxides .  Most of t h e  repor ted  procedures deal with 

aqueous electrolytes and have y i e lded  e i t h e r  no ca thodic  

product o r  a reduced ox id ic  material. The only confirmed 



m 
Q

, 
W

 
.I4 
x 0 

CH 
0
 

m 
d
 

m h
 

r
l 
0
 

k
 

c, 
0
 

0, 
r
l 
W
 

m 
c, 
r
l 
3
 

m Q
, 

p: 

m C 0 
.I4 
c, 
-
4
 

W
 si 0 
u
 Q

, 
c, 
h

 
r
l 
0
 

k
 

c, 
0
 

Q
, 

r
l 
W
 

c, 
*A

 

a
 

Q
, 
a
 0
 

C
 I: 8 cd 

R
 d 0 0 

+ 6
,
 

iu' 
k
 

-111 
a
0
 

P
I0

 
P

A
 

P
O

 
R
a
 

R
E

 

FI 0 

0
 
3
 

a
 Q

, 
k
 

Q
, 

bn 
cd 
.
-
 

c, 
m 
cv 0
 

.I4 
N

 
c
 a 

cd 
E 
a
 

\
a

 
k
 

m
a

 
ho 

a
0
 

0
 

&
E

 
ccd 

k
h

 
cd

a 
d
7
 

oc, 
ElG 

a
m

 

n
 

m f 
W

 
n

 
A

 
In
 
2 k

 
8 

h
 

b 



- 21 - 
success fu l  procedure i n  t h e  oxide e lectrolysis  f i e l d  is  t h a t  

of Driggs (39 2 40) . This  i s  not  s t r i c t l y  an oxide procedure,  

employing a K2NbF7 d i l u e n t  electrolyte.  Recent work a t  t h i s  

labora tory  has  shown t h i s  procedure incapable  of producing a 

d u c t i l e  pure product.  

Hartman’s work (43 )  using Nb20, i n  phosphate m e l t s  is of 

i n t e r e s t  i n  t h a t  NbP was produced a t  t h e  cathode. Such a 

m a t e r i a l  might be use fu l  i n  a secondary process .  

Theoretical decomposition vo l t ages  f o r  t h e  t h r e e  common 

N b  oxides  have been c a l c u l a t e d  a s  shown i n  Figure 9. 

Obviously any d i l u e n t  e l e c t r o l y t e  used must have an  E value 

g r e a t e r  than  t h a t  of t h e  source electrolyte.  A l l  common 

a l k a l i  and a l k a l i n e  ear th  h a l i d e s  s a t i s f y  t h i s  requirement.  

Since t h e  oxides  are high melt ing,  an e lectrolyte  

mixture would have t o  be used. This  br ings  up t h e  f u r t h e r  

problem of ox ide  s o l u b i l i t y ,  I n  g e n e r a l ,  the  N b  o x i d e s  are 

ei ther  in so lub le  or o n l y  s l i g h t l y  so lub le  i n  common chloride 

melts. They a r e  so lub le  i n  f l u o r i d e s  such as  t h e  m e l t  used 

by Driggs (39). 

Reduction of Hal ides  and Oxvhalides 

Niobium forms h a l i d e s  i n  t h e  +2, +3, +4 and +5 states.  

Of these  only t h e  f l u o r i d e s  and c h l o r i d e s  and t h e i r  complexes 
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are of any p r e s e n t  commercial importance. Of t h e  f l u o r i d e s  

only NbF, is  known. T h i s  material  a l so  complexes wi th  

a l k a l i  and a l k a l i n e  e a r t h  f l u o r i d e s  t o  g ive  a v a r i e t y  of 

double f l u o r i d e s  of which t h e  only commonly known s p e c i e s  

are K2NbF7 and t h e  oxyf luor ide  complex, K2NbOF,. Th i s  

l a t t e r  material w a s  t h e  form i n  which Nb was recovered i n  

t h e  o r i g i n a l  Nb-Ta ore s e p a r a t i o n  procedure (8 1 

The c h l o r i d e s  NbC1, and NbC13 are w e l l  known, bu t  t h e  

t e t r a c h l o r i d e  and d i c h l o r i d e  have n o t  been e x t e n s i v e l y  

s t u d i e d .  

Hal ides  which have been used a s  s t a r t i n g  materials 

inc lude  only  NbCl,, K2NbF7 and K2NbOF,, a l though t h i s  d i s -  

c u s s i o n  w i l l  a lso cons ide r  NbF, and NbC13 t o  some e x t e n t .  

Free energy d a t a  is  not  a v a i l a b l e  f o r  t h e  h a l i d e s  of 

Nb, bu t  B r e w e r  e t  a1  does g i v e  approximate va lues  f o r  VF,, TaF,, 

T a C l , ,  VC14,  TaCl , ,  V C l , ,  TaC13,  V C I B  and TaC1, up t o  500 or 

1000°K. Values f o r  NbF, have been est imated on t h i s  basis. 

The va lue  f o r  NbC1, and N b C I S  has been e s t ima ted  on t h e  

b a s i s  of B r e w e r ' s  TaC1, d a t a  and d a t a  from McIntosh e t  a1 

Values f o r  NbC14 and N b C 1 2  are es t imated  from B r e w e r ' s  d a t a .  

McIntosh e t  a1 g ive  t h e  Kp va lue  fo r  t h e  r e d u c t i o n  of NbC1, 

(47 1 

t o  NbC13 as  1.98 a t  500OC.  Thus LqFf(NbC1,)- AFf(NbC13)- 

-46 Kcal. Since NbC1, i s  reduced by H2 a$ 65OoC t o  Nb, i t s  

-1 



A 
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A F f  a t  65OoC must be about  -71 Kcal. 

on a l i n e  p a r a l l e l  t o  cu rves  f o r  VC13 and TaC1, (F igure  12) 

g i v e s  a va lue  of -78 Kcal a t  500OC. Using t h e  d i f f e r e n c e  

f i g u r e  (-46 Kcal) means t h a t  NbC1, must have a A F f  of 

-124 Kcal a t  50OoC. I t  is  a l s o  known t h a t  NbC1, d ispro-  

p o r t i o n a t e s  apprec i ab ly  a t  65OOC so  i ts  A F f  va lue  must be 

-115 Kcal or less. These t w o  va lues  w e r e  then  used t o  

locate t h e  NbC1, curve shown i n  F igure  11. Figure  10 

P lac ing  t h i s  va lue  

g i v e s  es t imated  va lues  f o r  NbF,. F igure  12 g i v e s  t h e  curve  

f o r  NbCIS and Figure  11 f o r  NbC12 and NbC1,. The es t imated  

va lues  f o r  N b C l ,  and NbC1, check w e l l  w i th  va lues  c a l c u l a t e d  

from vapor p re s su re  d a t a  f o r  t h e  r e a c t i o n  2NbC1, NbC1, + 
NbCIS as  g iven  by Schafer  and Bayer ( 4 6 )  

Act ive  Metal Reduction of Hal ides  

The approximate A F  d a t a  i n  F igu res  10, 11 and 12 has  

been employed wi th  o t h e r  d a t a  from B r e w e r  (lo) t o  g i v e  t h e  

f r e e  energy curves i n  F igu res  13, 14, 15 and 16 for  re- 

duc t ion  of NbF,,, NbC1, and NbC1, by N a ,  M g ,  C a  and A l .  Values 

are not  c o r r e c t e d  fo r  phase changes of Nb h a l i d e s .  

Obviously t h e r e  are errors i n  t h e  b a s i c  assumed va lues ,  

bu t  they are s u f f i c i e n $ l y  good t o  i n d i c a t e  t h a t  a l l  of t h e s e  

reactions a re  q u i t e  f avorab le  from a thermodynamic s tand-  

p o i n t  a s  would be expected. I n  gene ra l  i t  can be s a i d  t h a t  
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c h l o r i d e s  are p re fe r r ed  t o  f l u o r i d e s ,  and Group I1 a c t i v e  

meta ls  t o  Group I .  Although these curves are shown f o r  

temperatures  up t o  2000°K, t h i s  type of r e a c t i o n  would 

probably not  be r u n  a t  more than 1000°K due t o  t h e  high 

v o l a t i l i t y  of both t h e  Nb h a l i d e s  and reducing agents .  

The major i ty  of work c a r r i e d  ou t  using t h e  h a l i d e s  as  

a source of Nb has concerned a c t i v e  metal  reduct ion .  A 

number of such repor ted  experiments a r e  l i s t e d  i n  Table V, 

A number of o lde r  r e fe rences  concern t h e  double h a l i d e s  

9 
K2NbF7 and K2NbOg,. Although t h e  e f f o r t s  of Rose (48 )  

deMarignac ( 4 9 ) ,  and Kruss e t  a 1  ( 5 0 1 ,  etc . ,  w e r e  not  

success fu l ,  i t  is  probable t h a t  t hese  reduct ions  could be 

c a r r i e d  ou t  with improved atmosphere c o n t r o l  measures, 

p u r i t y  of m a t e r i a l s ,  etc.  Von Bol ton ' s  N a  reduct ion  of 

K2NbF7 ('& was the  f i r s t  recorded p repa ra t ion  of Nb metal. 

S m i t h e l l s  (51) l a t e r  prepared a better product by t h e  same 

method using a sealed bomb. 

The pentachlor ide  may be reduced i n  much t h e  same manner 

a s  i n  t h e  w e l l  known K r o l l  Process  f o r  T i  and Zr. 

has demonstrated t h i s  r e c e n t l y .  Other i n v e s t i g a t o r s  have 

Isaza (53) 

patented var ious  modi f ica t ions  of t h i s  bas i c  r e a c t i o n  in-  

c luding  a l l  Nb h a l i d e s  and a v a r i e t y  of r educ tan t s ,  p r imar i ly  

t h e  Group I A  and I I A  metals p lus  A l .  
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Table V 

Metallic Reduction of? Halides 

Svstem Reference Conditions Results 

K2NbOF,-Na Rose( 1858) (48 )  lower oxides 

K2NbOF,-M deMarignac(l868) (49)  Zn, ZnOHg, Fe lower oxides 

K2NbF7 -Na deMarignac( 1868) (49  1 Nb-Na alloy 
Kruss( 1887) Nb-Na alloy 
Von Bolton(1907 Nb 

Dickson( 1956) ['+> 
Smithells( 193 ) t 5 1 )  

followed by H2 pure Nb 

KZNbF7 -A1 deMarignac( 1868) ( 4 9 )  NbA13 alloy 

NbCls-Na Glasser( 1955) ( 5 2 )  Na as Na-Hg pure Nb 

deMarignac( 86 ) lower oxides [J KC1 flU-lO% v. fine Nb Isaza( 1947) 
NbClS-Mg 

excess Mg-750 OC powd e 

NbC1, or Gardner( 1951) (21) NbF, first 
NbF5-CaH2 or sulfided with S 
BaH, or CS2 

NbXy-active Rick( 1956) (54 )  Kroll type pure Nb 
m e d a l  process 

750-1450 "C 

NbXy-Fe or Weber (1921) (s5)  Volatile halide Nb 
other me ta 1 by-product 

NbXy-CaH2- Alexander( 1956) ( 5 6 )  > 1oooc' Nb 
2NaX slight pressure 
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Weber ( 5 5 )  repor ted  t h e  use of Fe a s  a r educ tan t  f o r  Nb 

h a l i d e s .  Although N b  i s  much more noble than T i ,  Z r ,  e tc. ,  

i t  i s  doubt fu l  t h a t  t h i s  r e a c t i o n  could proceed w e l l  a t  

nominal reduct ion  temperatures.  

Non-Metal Halide Reduction 
~~ 

Rela t ive ly  l i t t l e  work has been repor ted  on t h e  non- 

metallic reduct ion  of Nb h a l i d e s .  The only method repor ted  

has  been hydrogen reduct ion .  

Using t h e  previously deduced A F  d a t a ,  f r e e  energy of 

r e a c t i o n  curves f o r  reduct ion  of NbF,, NbC1, and NbC1, by 

hydrogen w e r e  computed as  shown i n  Figure 17. The curve f o r  

carbon reduct ion  of NbF, is  a l s o  given. Obviously carbon 

r educ t ions  are out  of t h e  ques t ion ,  but t h e  hydrogen re- 

a c t i o n s  a r e  q u i t e  favorable .  These  va lues  a r e  not  corrected 

f o r  phase changes of Nb h a l i d e s .  

Th i s  has  been s u b s t a n t i a t e d  by r e c e n t l y  repor ted  work 

of McIntosh e t  a 1  (47 'who success fu l ly  hydrogen reduced t h e  

c h l o r i d e s  i n  2 s t e p s  t o  g ive  a r e l a t i v e l y  pure product.  

Gonser ( 5 8 )  has patented a p l a t i n g  process  involv ing  a 

s imilar  r e a c t i o n .  Or ig ina l  i n v e s t i g a t o r s  such as  Roscoe (57  

obtained only reduced h a l i d e s ,  but  t h i s  was probably due t o  

poor atmosphere c o n t r o l  and impure h a l i d e s .  These r educ t ions  

are summarized i n  Table V I .  

, , s i  
I b i  
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Table VI 

System 

Non-Metallic Reduction of Halides 

Reference Condition Results 

NbX,-H2 Gonser( 1952) 500-1300°C-NbXy(v) Nb plate on 
over hot base metal metal base 

(57 1 NbC1,-H2 Roscoe( 1878) lower 
chlorides 

NbC1, McIntosh( 1956) (47)  5OO0C NbC l3 

NbC13-H2 McIntosh( 1956) (47)  > 600°C pure Nb 
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I t  is poss ib l e  t h a t  o t h e r  non-metals such a s  s i l i c o n  

could a lso be used a s  r educ tan t s ,  but t hese  are not  pa r t i cu -  

l a r l y  a t t r a c t i v e  from an economic s tandpoin t .  

E l e c t r o l y t i c  Reduction of Nb Hal ides  

The only repor ted  e l e c t r o l y s i s  work with Nb h a l i d e s  has  

concerned t h e  potassium double f l u o r i d e  or oxyf luor ide  

l a r g e l y  due t o  t h e  ease  of prepa ra t ion  of t hese  compounds i n  

pure form. The simple h a l i d e s  a r e  d i f f i c u l t  t o  prepare and 

maintain i n  a high s ta te  of p u r i t y  due t o  t h e i r  extreme 

hygroscopic and r e a c t i v e  na ture .  

deMarignac's (49 )  o r i g i n a l  electrolyses of t h e  molten 

oxyf luor ides  i n  KF were not  success fu l ,  but Balke  ( s ) 7 9 ' z : ?  

succeeded i n  obta in ing  a metall ic product from t h i s  m a t e r i a l ;  

Nb20, was added t o  minimize p o l a r i z a t i o n .  Ma ('1 a lso  

obtained metal from K2NbOF, d isso lved  i n  KC1-KF-NaC1 i n  a 

c rys ta l  growth s tudy.  Later 'work a t  t h i s  labora tory  (61) 

d u p l i c a t e s  t hese  r e s u l t s ,  but  i n d i c a t e s  t h a t  t h e  metal so 

obtained is impure and not  d u c t i l e .  

This  and o t h e r  work dea l ing  with double f l u o r i d e  

e lectrolysis  is  l i s ted  i n  Table V I I .  Driggs (39 S 4 O ) ,  and 

workers a t  t h i s  l abora to ry  (61) have used K2NbF7 as a source 

e lectrolyte  in var ious  fused s a l t  mixtures.  A very pure 



Halide 

K2NbOFs 

KzNbOF, 

K2NbF7 or 
other - 
ha 1 i d e s  

K2NbF7 

K2NbF7 

K2NbF7 

K2NbF7 

Reference 

Table  V I 1  

E l e c t r o l v t i c  Reduction of Hal ides  

deMarignac ( 1868) (49 1 
'. 

Ballre( 1933) (@I7.', ' 

Ma( 1952) (59)  

Driggs( 1931) (39 p 4 0 )  

Drossbach( 1954) (60) 

(61) Horizons ( 19 56) 

Horizons( 1957) (62)  

Horizons( 1957) ( 6 3 )  

M e l t  Condi t ions Product 
.. 

m( 1) P t  anode P t  d i s so lved ,  no 

Nb20, added 775-1080 A/dm2-2OV N b  metal 
N b  

KC1 ( 1) 80O0C-2O-40 A/dm2 N b  metal 

NaF-KF(1) or 700"C-02 a t  anode Nb m e t a l  
NaC 1-KC 1 ( 1) 
W/WO 10% N b 2 0 5  

N b  metal KCl-KF-NaCl( 1) 800" 
I 

OD 
NaC1,  KC1, etc. 650-850°C high p u r i t y  Nb w 

770-900 "C N b  coa t ings  on I MC 1 
H20 added t o  m e l t  base metals 

MC 1 ba th  p u r i f i c a t i o n  N b  p l a t i n g  
added 
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metal product  may be prepared i n  t h i s  manner. Two fused  

s a l t  Nb p l a t i n g  procedures  ( 6 2 ,  63) u t i l i z i n g  K2NbF7 have 

a l so  been developed i n  t h i s  laboratory.  

I d  i s  noted t h a t  a l l  of t h e s e  e lec t ro ly t ic  procedures  

employ a n  a l k a l i  c h l o r i d e  or f l u o r i d e  m e l t .  The reasons  f o r  

t h i s  l i e  i n  s o l u b i l i t y  of t h e  K2NbF, o r  K2NbOF, i n  such 

m e l t s  p l u s  t h e  added requirement of a high decomposition 

vo l t age  s a l t  d i l u e n t .  E va lues  have been c a l c u l a t e d  from 

t h e  A F  d a t a  f o r  NbF,, NbCl,, N b C 1 3  and N b C 1 2  and are shown 

i n  F igu re  18. 

N o  record  of a s u c c e s s f u l  c h l o r i d e  e l e c t r o l y s i s  has  

been noted. Th i s  i s  l a r g e l y  due t o  t h e  l o w  subl imat ion  

p o i n t  of NbC1, and ease of d i sp roporc iona t ion  of lower 

c h l o r i d e s .  NbC12 is  perhaps a n  except ion  t o  t h i s ,  bu t  

l i t t l e  i s  known of t h i s  material .  A l l  of t h e  Nb penta- 

h a l i d e s  have h igh  vapor pressures a t  temperatures  of over  

350-400 O C  making t h e m  u n s u i t a b l e  as  e lec t ro ly te  source  

materials. Vapor p re s su re  cu rves  of t h e  h a l i d e s  from data 

by Q u i l l  (lo) are  shown i n  F igure  19. There seems t o  be 

l i t t l e  complexing tendency i n  other m e l t s  f o r  t h e  

pen tach lo r ide .  

The only  known s u i t a b l e  Nb h a l i d e  for a n  e l e c t r o l y t i c  

procedure i s  K2NbF7. T h i s  approach o f f e r s  some promise a s  a 
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l a r g e  scale commercial method. F luor ide  e l e c t r o l y s i s  has  

been used f o r  commercial production by t h e  Fans t ee l  Corp. 

A t y p i c a l  depos i t  and high p u r i t y  Nb c rys ta l s  from a f luori* 

m e l t  are shown i n  F igures  20 and 21. 

E l e c t r o r e f i n i n g  

One f u r t h e r  poss ib l e  approach t o  a n  e lec t ro ly t ic  

process  i s  a r e f i n i n g  method based upon t h e  anodic use of an 

impure metal  i n  a fused s a l t  m e l t  producing a pure ca thodic  

depos i t .  Niobium being a r e l a t i v e l y  noble metal should be 

amenable t o  such a procedure.  Prel iminary work i n d i c a t e s  

t h a t  Nb f a l l s  between Cu+ and Ag' i n  t h e  c h l o r i d e  Emf series 

and probably j u s t  below Fe3+. Thus, a t  l e a s t  i n  a c h l o r i d e  

s y s t e m ,  elements such a s  T i ,  Z r ,  V ,  C r ,  Mn and t h e  rare 

e a r t h s  should be removed i n  such a so lub le  anode procedure.  

Of course t h e  previously noted problems wi th  regard  t o  

development of a s u i t a b l e  c h l o r i d e  m e l t  apply,  and experi-  

mental  observa t ion  i n d i c a t e s t h a t  there i s  some ques t ion  a s  

t o  t r a n s f e r  of oxygen from anode t o  cathode i n  such s y s t e m s .  

The Norton Company has paten ted  a r e f i n i n g  procedure (64)  

u t i l i z i n g  an  NbC anode (11.4% C).  This  l abora to ry  has  a l s o  

patented (6s) work on fused h a l i d e  e lectrolyt ic  processes  

employiig NbC anodes but  problems a s soc ia t ed  with t h e  m e l t  
A 
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N e g .  3300 

Figure 20: Nb cathode depos i t  from e l e c t r o l y s i s  of 
K2NbF7 -NaC1 m e l t  e 

Neg. 1142 

Figure 21: Typical dendri t ic  e l e c t r o l y t i c  Nb 
c r y s t a l s .  
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need to be resolved. These approaches are listed in 

Table VIII. Soluble anode refining processes have been 

developed for similar metals such as U and Ti. 

Disproportionations and Decompositions 

Disproportionations and decomposition of halides 

represent two further potential means for preparation of Nb 

metal. These apply in particular to the chlorides. 

The disproportionation type reaction is a simultaneous 

oxidation reduction reaction and may be of two types such as: 

5NbC13 -* 2Nb + 3NbC1, 
3NbC13 -* 2NbC1;, + "1, 

Free energy curves for several such reactions are shown 

in Figure 22, again based on the original assumed chloride 

data. It is apparent that all these reactions readily 

proceed at normal temperatures excepting those of the di- 

chloride which is largely unknown at this time. 

Decomposition reactions largely concern only the penta- 

chloride : 

"1, + Nb + 5/2 Clz 
It is stated that this reaction starts to take place at 

about 13OO0C (66) 

Both disproportionation and decomposition have been 
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Table VI11 

Elec trore f in ing  Procedures 

Reference Anode Melt Conditions Product 

Horizons( 1955) ("1 NbC Alk or a l k  700-1000° Nb metal 
ear th  h a l i d e s  
+ Nb ha l ide  

Norton( 1956) (64 )  MbC Alk or a l k  
ear th  h a l i d e s  

Nb metal 



- 46 - 

-a0 

-40 

0 

+40 

+80 

+I20 

5N 

IO00 1500 2000 

FIG,  22 
D I SPROPOR T /ONAT I ON REACT IONS 

O F  NiOBlUM CHLORIDES 



- 47 - 
proposed as approaches to preparation of the metal. Several 

such references are noted in Table IX, along with some 

miscellaneous processes of similar principles of operation. 

Aylsworth (67) proposed the first such Nb process for pre- 

paring filaments whereby Nb halides were decomposed on a hot 

wire in a hydrogen atmosphere. Heany (22) reported a 

similar method except that instead of volatile halides, 

nitrides and hydrides were specified. Powell ( 6 9 )  further 

developed the hot wire process based on the Van Arkel iodide 

process for Ti and Zr. Gonser ( 5 8 )  used similar methods for 

Nb plates on base metals, decomposing the halide on a heated 

base metal plate. 

Begley (66) has proposed the direct decomposition of 

NbC1, as a purification process for Nb. Van Arkel has 

also discussed dissociation methods in detail. 

1300 

300 

* NbCls + Nb + 5 / 2  Cl2 

Austin ( 7 0 )  formed the hydride NbH2 from scrap Nb, then 

ground and decomposed it in a vacuum to give pure Nb. 

In addition to their potentialities as methods of 

preparation, disproportionation and decomposition reactions 

present serious problems particularly in the development of 

fused chloride melts for electrolytic processes. Thd 
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Table IX 

Other Processes 

Svstem Process TvDe Reference Remarks Results 

NbXy-Ha Hot wire-Ha Aylsworth vessel and wire Nb deposit 
reduction (1896) (67 both heated 

NbN, NbH2 Decomposition Heany used for Nb 
(1907)(22) filaments 

Nb halides Dissociation Van Arkel vacuum Nb 
(1934)(@) high temp. 

Nb halides Hot wire Powe 11 Nb wire v. pure Nb 
process ( 1948) (69 ) 

Nb halides Decomposition Gonser Decomp.on metal pure Nb 
(1952)('*) plate in H2 

500-1300 "C 

NbC1, Decomposition Begley Decomp. at Nb 
(1956) (66) 1300 "C 

i 
Nb Scrap-H2 Hydrogenation Austin hydride formed, pure Nb 

of scrap (1938) (7 O )  heated in vac. 

krnpwe Nb Purification O'Priscoll sintered at pure Nb 
by sintering (1957) (* 1700-2300°C 

high vac. 
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pentachloride is not suitable above 400'K due to its high 

vapor pressure (see Figure 19). It is apparent from 

Figure 22 that NbC13 is unstable toward disproportionation 

under all conditions. The dichloride should be stable if 

it could be readily prepared in a fused melt. 

In addition to fluorides, She dichloride is probably th 

most promising material for a fusion electrolysis process. 

The unexplored area of bromides and iodides might be useful 

in soluble anode procedures where constant concentrations 

are employed. 

C onc lus i ons 

Nine possible approaches to the preparation of niobium 

metal have been briefly considered based on theoretical 

considerations and experimental work. These include re- 

duction of oxides and halides by active metals, non-metals 

and electrolysis, electrorefining, disproportionation of 

chlorides and decomposition of chlorides. Such methods 

largely parallel processes in use or proposed for other 

refractory transition metals. 

None of the oxide reduction methods show any great 

promise as commercial one-step processes for production of 

pure metal. Although thermodynamic considerations indicate 
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a c t i v e  metal and carbon reduct ions  t o  be favorable ,  k i n e t i c  

cons ide ra t ions  and by-product s epa ra t ion  problems complicate 

t h e  p i c t u r e  considerably.  The NbC-Nb20, r educ t ion  is  used 

commercially t o  a s m a l l  e x t e n t .  

E lec t ro ly t i c  processing of Nb oxides  o f f e r s  l i t t l e  

promise from any s tandpoin t  due t o  t h e  o x y p h i l l i c  na tu re  of 

Nb and its ions .  I t  is apparent t h a t  any eventua l  process  

f o r  high p u r i t y  Nb must be c a r r i e d  ou t  i n  t h e  absence of 

oxygen and oxy-ions. This  d i s q u a l i f i e s  a l l  aqueous and m o s t  

p o s s i b l e  organic  media. Metal of 99% and g r e a t e r  p u r i t y  i s  

prepared from K2NbOF, and K2NbF7-Nb20, m e l t s ,  but  t h i s  

product i s  not  s a t i s f a c t o r y  f o r  many a n t i c i p a t e d  a p p l i c a t i o n s .  

The m o s t  promising a r e a  of processing appears  t o  

involve h a l i d e  reduct ion .  I t  is  apparent  t h a t  a l k a l i  metals, 

a l k a l i n e  e a r t h  metals, aluminum and even hydrogen can reduce 

NbC1,  and NbF, t o  m e t a l ,  and experimental  evidence i n d i c a t e s  

t h a t  high p u r i t y  materials can be so obtained.  C e r t a i n  

problems e x i s t  due t o  t h e  l o w  subl imat ion po in t  of N b C l , ,  

d i sp ropor t iona t ions ,  etc.,  but  t h e s e  can eventua l ly  be 

circumvented by new techniques and design.  

E l e c t r o l y t i c  processing of h a l i d e s  is  perhaps t h e  m o s t  

i n t e r e s t i n g  area of development. The u t i l i t y  of f l u o r i d e  

ba ths  has  been adequately demonstrated,  but t h e s e  m e l t s  a r e  
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not readily amenable to continuous processing. Chloride 

melts entail problems, particularly in disproportionation. 

Use of very low temperature, highly reduced melts or 

suitable complexing agents could overcome these problems. 

Bromides and iodides have not been considered due to their 

high cost of preparation and the lack of knowledge of their 

chemistry. 

A further electrolytic approach of interest is electro- 

refining wherein an impure metal product might be utilized 

as an anode material in a fusion electrolysis. Successful 

processes of this type have been developed for Ti, Zr, U, etc. 

Disproportionations are not too promising as processing 

methods. These reactions are difficult to control and a 

variety of products are present at all times since more than 

one reaction is generally involved. 

The proposed decomposition methods are not encouraging 

either. The Nb halides are reasonably stable toward decom- 

position to metal and gas. High temperaturbs required, low 

yields and serious contamination by lower halides would be 

expected. 

At the present time, new process development for Nb 

would logically be expected to follow that of similar metals. 
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New processes will likely evolve in the areas of halide 

reductions by either metallic, hydrogen or electrolytic 

means. 
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