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Introduction 

Fabrication of niobium and niobium alloys is accomplished with the usual 
metal forming methods and apparatus; however, the metallurgical engineer must 
design the deformation parameters within the plastic tolerance of the mater- 
ial being worked. 
insensitive to deformation paramenters. In contrast, niobium alloys have 
very narrow plastic regions within which the metallurgist must carfully plan 
the deformation parameters. 

Niobium has a wide plastic region so it is relatively 

I will first discuss the material characteristics which are important to 
the metallurgist for planning the deformation parameters, and follow with 
descriptions of specific processes for the manufacture of niobium and alloys. 
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Nb Manufacture 

Niobium melts at 2468 C ,  which is well above the melting point of most 
other materials. As a result, it is readily purified by melting in a vacuum 

of 5 x torr, suitable for the evaporation of impurities from the metal. 

The impurities which remain after electron beam melting are at low 
levels ( < l o 0  ppm), such that they are mostly soluble in pure niobium. The 
materials which do not dissolve, concentrate at the cast grain boundaries 
which, consequently, are the weakest sites; thus, fracture occurs when the 
grain boundaries are stressed beyond their ultimate strength. 

Niobium is tough and ductile in the pure form and can be worked at am- 
bient temperatures from the cast ingot. Any precautions that are necessary 
result from the residual impurities in the ingot since impurities which 
remain after the purification process cause a reduction of ductility, pri- 
marily at grain boundaries. Therefore, techniques to eliminate grain boundary 
fracture during deformation are necessary. 

For pure niobium ingots, processing techniques are simple. Impurity 
content is determined by sample analysis, and the effect is demonstrated in a 
general way by the degree of hardening. Brine11 hardness numbers (BHN) below 
60 indicate that the ingot will not suffer fracture during deformation. 
Bardnesses higher than 60 BHN indicate that impurities are causing hardening 
and a corresponding ductility decrease. 
to apply heat, up to 400 C ,  to provide for improved ductility of the hardened 
portions of the ingot (i.e. the grain boundaries). 

In such cases, it may be advisable 

Although niobium is soft and ductile, separations do not readily weld 
together and "heal" during ambient temperature forming. Instead, laps, 
folds, seams and laminations form where separations exist. Therefore, it is 
necessary to prepare the niobium for fabrication by machining or grinding to 
provide a smooth, well blended surface. If internal voids exist, they will 
appear as delaminated regions in the fabricated niobium, never totally 
healing, resulting in a weakened part. 

Prior to any working operation, the niobium surface needs to be inspec- 
ted closely for irregularities. 
sonic, and x-ray inspection. 

Techniques include dye penetrant, ultra- 

After initial ingot deformation of at least 65 percent cold reduction, a 
recrystallization heat treatment in the 
The new grains will be refined from the cast structure, and the impurities 
originally located at the surface of the cast grain boundaries will be 
dispersed throughout the matrix as second phase stringers. 
lization will improve the resistance to grain boundary tearing during sub- 
sequent working, thereby improving fabricability. 

torr vacuum range is advisable. 

This recrystal- 

For most applications, a uniform and fine recrystallized microstructure 
is beneficial. 
meters applied, especially as the degree of purity increases. Residual 
impurities will act as inhibitors to recrystallization and grain growth. As 
the cast ingot hardnesses become greater than 60 BHN, response to annealing 
is sufficiently affected to require evaluation anneals in order to determine 
a time and temperature cycle which will provide uniform and fine recrystal- 
lization. 

Pure niobium is sensitive to the time and temperature para- 

Niobium can recrystallize at temperatures as low as 1500 F (815 C) ,  and 
may remain only partially recrystallized at 2200 F (1200 C). In addition to 

226 



impuri ty  con ten t ,  the  degree of deformation and the  temperature of deforma- 
t i o n  e f f e c t  the choice f o r  optimum anneal ing cycle  t o  achieve a uniform 
mic ros t ruc tu re  (Figure 1). As  a gene ra l  s ta tement ,  a minimum of 65 percent  
ambient temperature deformation is required t o  achieve t o t a l  nuc lea t ion  of 
new g r a i n s  during annealing. Warm o r  hot  deformation ope ra t ions  (1000 F t o  
2000 F) (550 C t o  1100 C) w i l l  produce a worked cross- sect ion which v a r i e s  
s u f f i c i e n t l y  t o  produce a wide range of responses t o  the  annealing cycle.  
The mic ros t ruc tu re  can e x h i b i t  nuc lea t ion  of new g ra ins  i n  l o c a l  bands of 
heav i ly  worked metal, c r i t ica l  g ra in  growth i n  bands of l i g h t l y  worked metal, 
and regions  of metal which remain s t a b l e  and do not nuc lea t e  new g r a i n s  or  
recover  f o r  cr i t ica l  g r a i n  growth. 

Pure niobium is  tough and mal leable  i n  most condi t ions .  The f i n e  and 
uniform mic ros t ruc tu re  is  recommended p r imar i ly  f o r  forms which w i l l  be 
worked f u r t h e r  or  welded, because f i n e  g r a i n s  resist t e a r i n g  and orange 
pee l ing  a s soc ia t ed  wi th  l a r g e  g r a i n  boundary f a i l u r e .  

Al loys  

Al loying niobium produces, i n  most cases, immediate and severe  complica- 
t i o n s  f o r  t he  f a b r i c a t o r .  The t h r e e  excep t iona l  a l loy ing  elements are 
t i t an ium,  vanadium and tantalum (Figures  2 ,  3 ,  4 ) .  Although hardness and 
s t r e n g t h  are increased wi th  these  l a t t e r  a d d i t i o n s ,  toughnes, m a l l e a b i l i t y ,  
and f a b r i c a b i l i t y  are equal  t o  o r  even supe r io r  t o  pure niobium. A l l  o the r  
a l l o y i n g  elements reduce toughness, m a l l e a b i l i t y ,  and f a b r i c a b i l i t y  i n  
varying degrees.  

DEGREE OF DEFORMATION, PER CENT 

Figure  1. Annealing temperature versus  deformation and g r a i n  s i z e .  (1) 
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Nb- Ti  
Figure 2. Phase Diagram Nb-Ti system. (2) 
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Figure 3. Phase Diagram Nb-V system. (2 )  
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Nb-Ta 
Figure 4. Phase Diagram Nb-Ta system. ( 3 )  

The simple binary, solid solution alloys containing either tantalum, 
vanadium or titanium provide an increase in fabrication difficulty only 
because of increased strength. Resistance to deformation of the stronger 
alloys usually requires the use of higher working temperatures so that 
deformation can be accommodated by the lower strength material. 

lJse of elevated temperatures provides the additional benefit of produc- 
ing an increased number of deformation modes in the crystal structure, thus 
slowing work hardening rates. These benefits are important and may even be 
necessary with the simple binary alloys (NbV and NbTi) because other impuri- 
ties are usually associated in large amounts with the alloying element. The 
impurities will alloy with the parent metal as an interstitial element or as 
complex compounds. Both the dissolved interstitial elements and the insoluble 
compounds produce dramatic hardness increases and the associated loss of 
ductility, even in amounts greater than 200 ppm for common impurities such as 
nitrogen, carbon, iron, nickel, copper and aluminum. 

The exceptional malleability of these simple binary alloys results in 
tolerance for large amounts of impurities once the cast ingot has been 
processed through a 65 percent minimum deformation and recrystallization 
operation. 
from the grain boundaries is increasingly important for recovery of excellent 
malleability as the total impurity level increases. A discussion of the 
effects of each possible impurity and the effects of the total amounts of 
impurities is beyond the scope of this paper. In general, the specifications 
developed by suppliers such as Teledyne Wah Chang Albany for each alloy have 
been demonstrated to be suitable for most uses, and certainly for economical 
fabricability (Tables I, 11, 111). 

Refining the grains and distributing the bulk of impurities away 

Complex niobium alloys always provide continuing challenges for the 
metallurgical engineer. These alloys contain the alloying additions which 
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Table I. Suppliers' Specifications for Commercial Nb Alloys. 

Nb Nb 
Element Grade I Grade I1 WC103 WC129Y Nb-1Zr - 

Tungsten 
Hafnium 
Tantalum 
Yttrium 
Titanium 
Zirconium 
Carbon 

Nitrogen 
Hydrogen 
Niobium 

Oxygen 

500" 

1000" 
-- 
-- 
-- 
500" 
100" 
200" 
100" 
15" 

Bal. 

500" 

3000" 
--- 
--- 
--- 
500" 
100" 
200" 
100" 
15" 

Bal . 

5000" 
9-11 % 
5000" 

.7-1.3% 
7000" 
150" 
250" 
100" 
15* 

Bal. 

--- 

9-11 % 
9-11 % 
5000* 
.05-. 3% --- 
5000* . 
150* 
225* 
loo* 
15* 

Bal. 

500" 
zoo* 
1000" --- 
--- 
8-1.2% 
200" 
300" 
100" 
15" 

Bal. 

Nb-752 

9-11 % 
2000" 
5000" --- 
--- 

2.0-3 .O% 
150" 
225" 
100" 
15" 

Bal . 
"Maximum limits unless otherwise indicated. *ppm - Parts Per Million 
3.2.1 Product analysis. If specified, product analysis shall be performed on C, 02, N 

with maximum levels specified as follows on Parts Per Million (ppm). 

Nb WC103 WC129Y Nb-1 Zr Nb-752 - Element 

C 100 150 150 200 150 
200 225 225 300 225 
100 100 100 100 100 N 

H 15 15 15 15 15 
O2 



Table 11. Suppliers' Specifications for Nb-Ti Superconducting Alloys. 

Chemical Composition SUPERCONDUCTOR ALLOY 

- Melt The chemical composition shall be as follows: 

Ti 
0 
H 
C 
Fe 
Ta 
N 
Ni 
Si 
cu 
A1 
Cr 
Nb 

45, 46.5, 48, 55 wt%k 1.5 wt% * 
1000 ppm maximum 

35 pprn maximum 
200 ppm maximum 
200 pprn maximum 

150 pprn maximum 
100 ppm maximum 
100 ppm maximum 
100 ppm maximum 
100 ppm maximum 
60 ppm maximum 

Balance 

1000 or 2500 ppm maximum * 

*To be determined at a later date. (see purchase order) 

Niobium or titanium may be analyzed, with the other element reported 
as balance by difference. 

Finished Product Chemical analysis of the finished vacuum annealed pro- 
duct shall be performed for the interstitial elements and shall conform to 
the following limits: 

0 1000 ppm maximum 
H 20 pprn maximum 
C 200 pprn maximum 
N 150 pprn maximum 
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Table 111. Suppliers' Specifications for Nb based Refractory Alloys. 

Element 

Tungsten 

Hafnium 

Tantalum 

Yttrium 

Titanium 

Zirconium 

Carbon 

Oxygen 

Nitrogen 

Hydrogen 

Boron 
Cadmium 
Cobalt 
Iron 
Lead 
Manganese 
Molybdenum 
Nickel 
Silicon 
Vanadium 
All others 

Niobium 

Chemical Composition * 
MT 1-5- 1 MT1-5-2 

(Nb-10 Hf-1 Ti) (Nb-1OW-10 Hf-.2Y) 

0.5 wt. % 9-11 wt. % 

9-11 Wt. % 9-11 wt. % 

0.5 wt. % 0.5 wt. % 

- 0.1-0.4 wt. % 

0.7-1.3 wt. % 100 pprn 

0.7 Wt. % 0.5 w t .  % 

150 ppm 150 pprn 

225 ppm 225 ppm 

150 ppm 150 ppm 

15 PPm 15 PPm 

) 
) 
) 
) 
) 
) 3000 ppm 
) Total 
) 
) 
1 
1 

Balance Balance 

3000 ppm 
Total 

ml-5-3 
(Nb-1OW-10 Ta) 

9-11.5 wt. % 

1000 ppm ** 
9-11.5 wt. % 

100 ppm - 
0.5 wt.  % 

150 ppm 

225 ppm 

150 ppm 

15 PPm 

3000 ppm 
Total 

Balance 

* Maximum limits unless otherwise indicated. 
** ppm - parts per million 

232 



form complex compounds and phases, producing g r e a t  s t r eng ths  a t  e levated 
temperatures and s i g n i f i c a n t  reduct ions  of d u c t i l i t y  a t  ambient temperatures. 
The a l loy ing  elements general ly  recognized as s u i t a b l e  f o r  commercial a l l o y s  
are those which are soluble  up t o  10 percent by weight o r  greater .  
include zirconium, hafnium, tungsten and molybdenum (Figures 5, 6, 7) a s  we l l  
as tantalum, vanadium and titanium. The s t a b l e  compound formers, carbon and 
ni t rogen,  may be added i n  conjunction with  t i tanium,  zirconium, o r  hafnium t o  
provide add i t iona l  s t r eng th  and creep r e s i s t a n c e  a t  e levated temperatures. 
I n  general ,  f o r  each benef i t  r ea l i zed  by enr iching the  a l l o y ,  another b e n e f i t  
is compromised, e spec ia l ly  we ldab i l i ty  and toughness. 

These 

The complex a l loys  display t h e  g r e a t  s t r eng th  a t  e levated temperatures 
which makes them a t t r a c t i v e  i n d u s t r i a l  mater ia ls .  This s t reng th  benef i t  
in t roduces  an immediate challenge of f a b r i c a t i o n  from t h e  c a s t  s t a t e .  The 
cast g ra in  boundaries a r e  extremely weak a t  ambient temperatures,  so hot  
f a b r i c a t i o n  a t  1800 F (975 C) t o  2600 F (1425 C) i s  required. 

Mal leab i l i ty  is extremely poor i n  the  cas t ing  f o r  the  complex a l loys ,  so 
metal flow must be control led during breakdown t o  avoid f r a c t u r e  by a mode 
bes t  described as  tear ing.  A good analogy t o  these cast mater ia ls  is clay: 
c l a y  can be gently worked and shaped, but a sudden p u l l  w i l l  tear the mate r i a l  
apa r t .  In the  same manner, complex niobium a l l o y s  w i l l  t e a r  apar t ,  crack or 
rupture  when work is applied with e i t h e r  too great a sever i ty  (high energy 
r a t e  deformation), or too s l i g h t  (press  forging).  The high energy r a t e  
impact overloads weaken regions such a s  g ra in  boundaries f a s t e r  than the  
deformation wave can move through the  metal,  and consequently, these regions 
s p l i t  apar t .  Slow deformation only works the surface and provides inadequate 
energy t o  move a deformation wave through the metal i n  a uniform t rans i t ion .  
The worked surface thus develops a t e n s i l e  load on the center  por t ion,  
causing a rupture, or center burs t .  

The optimum breakdown operat ion f o r  c a s t  ingots  is a compression method, 
usual ly  extrusion. When the  material is under compression, r a t e  of deforma- 
t i o n  is important only i n  terms of maintaining temperature i n  the  mate r i a l  
f o r  s u f f i c i e n t  time t o  complete the  operation. 

Manufacture of Niobium/Niobium-Tantalum products - Outline 

1. 

2. 

3. 

4. 

5. 

Warm the  c a s t  ingot  t o  400 F t o  800 F. 

Forge t o  reduce the  cross  s e c t i o n  as desired,  including: 

a. 2000 ton press  forge 
b. 7500 lb.  steam hammer 
C. Extrusion press  
d. Rotary forge 

After  65 percent minimum t o  85 percent reduction i n  cross  s e c t i o n a l  

a r e a ,  c lean and anneal i n  TORR vacuum a t  2000 F f o r  1 hour. 

Fur ther  reduce the  material a t  ambient temperature a s  desired: 

a. Rolling, p l a t e  o r  rod 
b. Swaging 
C. Rocking 
d. Drawing, tube o r  rod 

Af te r  65 percent t o  95 percent cold reduct ion,  anneal a t  1600 F t o  
2200 F t o  achieve des i red  g ra in  s i z e  and hardness. 
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Figure 5. Phase Diagram Nb-Zr system. (2 )  
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Figure 6 .  Phase Diagram Nb-Hf system. 



40 60 80 100 
ATOMIC PER CENT MOLYBDENUM Mo 

Nb-Mo 

Figure 7 .  Phase Diagram Nb-Mo system. ( 3 )  
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1. 

2. 

3. 

4. 

5. 

6.  

7 .  

8. 

9. 

Manufacture of Niobium-Titanium - Outl ine  

Warm the  c a s t  ingot t o  2000 F. 

Forge l i k e  pure niobium, 65 percent t o  85 percent reduction. 

Mechanically and chemically remove oxides and embedded mat ter  from 
t h e  surface .  

A i r  anneal a t  1750 F and water quench. 

Warm forge o r  extrude (1250 F) t o  65 percent minimum reduction. 

Mechanically and chemically c lean f o r  vacuum anneal.  

Vacuum anneal i n  TORR at 1450 F f o r  1 t o  2 hours. 

Fur the r  work a t  ambient temperature t o  des i r ed  conf igurat ion.  

Vacuum anneal t o  achieve des i r ed  g r a i n  s i z e  and hardness. 

The only d i f f e rences  between techniques f o r  forming niobium and niobium- 
t i tanium a r e  the  use of e levated temperature t o  deform the  niobium-titanium 
a l l o y ,  and a quench from anneal  f o r  the  niobium- titanium because of t h e  Alpha 
t o  Beta phase transformation (Figure 2). 

Forming the  high s t r eng th  a l l o y s  r equ i res  c a r e f u l  considerat ion a t  each 
operat ion t o  minimize f r ac tu re .  The s t r e n g t h  of the  a l loys  a t  e levated 
temperatures (Table IV) places  c o n s t r a i n t s  on t he  equipment which has capacity 
f o r  imparting work t o  the  given a l loy .  Because the. f i r s t  c r i t e r i o n  calls f o r  
imparting work i n t o  the  cas t  s t r u c t u r e  and compressive deformation is the  
most t o l e r a n t  working mode, closed die forming is pre fe r red  f o r  the  i n i t i a l  
breakdown. An ex t rus ion  press  with a 5000 ton capaci ty  and an ex t rus ion  r a t e  
of 30 inches per minute is o f t en  necessary t o  accomplish ingot  breakdown. An 
example of the  manufacturing o u t l i n e  follows: 

1. 

2. 

3. 

4. 

5 .  

6 .  

7. 

Manufacture of Cb-1OHf-1OW - Outl ine  

Heat t o  2400 F (1315 C). 

Extrude from 8 inch diameter t o  3 inch diameter a t  30 inches per minute 
r a m  speed. 

Machine a l l  surfaces  t o  remove oxide. 

Vacuum anneal a t  2600 F (1425 C) f o r  2 hours. 

Heat t o  800 F (425 C) and r o t a r y  forge t o  1-1/2 inch diameter. 

Vacuum anneal  a t  2400 F (1135 C) f o r  2 hours. 

Swage a t  400-600 F (200-300 C) t o  des i r ed  diameter. 
c 
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Table IV. Mechanical Properties of Niobium and Niobium Alloys. 

Nb (RT) 

Nb-1Zr (RT) 
(800 F) 
(2000 F) 

Nb-1OHf-1Ti (RT) 
(WC-103) (1000 F) 

(2000 F) 

Nb-1OHf-1OW (RT) 
(WC-129Y) (1000 F) 

(2000 F) 

i' Elong. % 
UTS (ksi) UTS (ksi) 

25-35 11-20 35-45 

35-45 15-25 20-30 
25 12 20 
20 9 40 

54-64 38-50 20-30 
46 30 20 
29 19 40 

80-90 60-70 20-30 
59 39 18 
42 25 40 

Summary 

Niobium, niobium-tantalum, niobium-vanadium and niobium-titanium metal 
and alloys are readily fabricated using standard techniques for deformation. 
The primary design considerations are the metallurgical structure, grain 
size, uniformity, and for niobium-titanium alloys the alpha-beta phase 
transformation. 

For the alloys designed for improved strength at elevated temperatures, 
an associated reduction of ductility requires the use of high temperatures 
and compressive modes of deformation to refine the cast structure. Fracture 
sensitivity decreases (i.e., toughness improves) after the cast structure is 
worked and refined to provide greater grain boundary area which is lower in 
impurity phase decoration then the cast structure. 

The material cost for niobium and the alloys is high, so that the 
success of the metallurgist in applying sound manufacturing techniques is 
important. 
each operation, niobium and the alloys can be successfully processed. 

With careful metallurgical consideration and close monitoring of 

1. 

2. 

3.  

4. 
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