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Introduct ion 

The physical ,  mechanical and i r r a d i a t i o n  behavior of niobium and niobium 
base a l loys  have been widely s tudied over the  last twenty-five years. Much 
of t h i s  i n t e r e s t  stemmed from i ts  favorable  high-temperature s t r eng th  and 
good low temperature d u c t i l i t y  which prompted increasing emphasis on its use 
as a s t r u c t u r a l  ma te r i a l  i n  the  aerospace i n d u s t r i e s  i n  the  1960's. Its 
s t r e n g t h  c h a r a c t e r i s t i c s  combined with a low neutron absorption cross- section, 
a l s o  prompted i t s  use i n  the  nuclear indus t r i e s .  

Three "communities" have been a c t i v e  i n  the  area t o  be covered by t h i s  
review, with each group having i t s  own spec ia l i zed  research i n t e r e s t s .  The 
f i r s t  group has been concerned with  the  fundamental understanding of the 
various p roper t i e s  o r  processes occurr ing i n  niobium and the body centered 
cubic  (b.c.c.1 re f rac to ry  metals i n  general ,  with research i n  t h i s  a rea  being 
character ized by elegant  experiments on ultra- high pur i ty  and doped s i n g l e  
c rys ta l s .  The second group has been i n t e r e s t e d  i n  the  high-temperature 
mechanical p roper t i e s  of niobium and niobium base a l loys .  The a c t i v i t y  i n  
t h e  West, p r i n c i p a l l y  i n  the  U.S.A., peaked during the  1960's (see ,  f o r  
example references  (1-16)). Since the  e a r l y  1970's the  major i ty  of the 
papers on these  aspects  have o r ig ina ted  i n  the  U.S.S.R. The t h i r d  group has 
been concerned with the  e f f e c t s  of i r r a d i a t i o n  i n  niobium and niobium base 
a l loys .  These s tud ies  were frequent ly  prompted by the  emergence of niobium 
as a candidate mate r i a l  f o r  in-core components i n  s p e c i f i c  nuclear  r eac to r  
systems. For example, the re  has recen t ly  been considerable i n t e r e s t  i n  the  
use  of niobium and i t s  a l l o y s  f o r  s t r u c t u r a l  app l i ca t ions  i n  fusion reac to r  
systems. 

The act iv i t ies  of the  f i r s t  group have general ly  been reviewed under the  
property of i n t e r e s t .  For example, Chr i s t i an  (17) has reviewed the low- 
temperature mechanical deformation mechanisms i n  the  re f rac to ry  metals, while 
F i sher  (18) has reviewed the  dependence of the  s i n g l e  c r y s t a l  elastic con- 
s t a n t s  on electron/atom r a t i o s .  
review the  a c t i v i t i e s  and da ta  generated by the  second and t h i r d  groups. 
Thus, emphasis is placed on the physical  and high temperature mechanical 
p roper t i e s  and e f f e c t s  of i r r a d i a t i o n  i n  po lyc rys ta l ine  niobium and niobium 

The primary a i m  of the present paper is t o  
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base alloys. The review concentrates,  wherever possible ,  on the  data pub- 
l i shed  s ince the  last general  reviews; see f o r  example the  reviews i n  refer-  
ence (13). One of the main purposes is to  h igh l igh t  the s t rong inf luence 
which i n t e r s t i t i a l  impuri t ies  have on both the  mechanical and i r r a d i a t i o n  
behavior of niobium and niobium base alloys. In support of t h i s  aim, the  
physical p roper t i e s  are reviewed with emphasis on the  s o l u b i l i t i e s  and 
mobi l i t ies  of these  impuri t ies .  The second main a i m  is t o  demonstrate the 
s ign i f i can t  changes i n  p roper t i e s ,  pa r t i cu la r ly  mechanical p roper t i e s ,  which 
are caused by alloying. The a l loy  systems which have been inves t iga ted  a r e  
primarily those formed by niobium's near neighbors i n  the  Per iodic  Table, 
(Table I). 
a r e  completely soluble  i n  niobium. The Group I V a  elements have high s o l u b i l i-  
ties at e levated temperatures and furthermore react  with the i n t e r s t i t i a l  
elements i n  the niobium t o  form second phase p a r t i c l e s  and thereby reduce the 
e f fec t ive  s o l u b i l i t y  of these  elements, see the sec t ion  "Physical Properties" . 
Many binary, ternary and multicomponent a l loys  have been s tudied and advanced 
a l loys  developed f o r  commercial appl icat ions .  These w i l l  be de ta i l ed  i n  the  
sec t ion  'Mechanical Proper t ies  of Niobium and Niobium Base Alloys". 

The Group V a  and VIa elements, with the  exception of chromium, 

Table I. Niobium's Near Neighbors i n  t h e  Per iod ic  Table 

Group IVA Group VA Group V I A  

Hf 178.5 180.9 "183.9 
72 Ta73 74 

Physical P roper t i e s  

There has been considerable i n t e r e s t  i n  the  physical p roper t i e s  of 
niobium and t o  a lesser extent  niobium base alloys. In t h i s  review the data  
on the s o l u b i l i t y  of i n t e r s t i t i a l  elements and the d i f fus ion  of both in te r-  
s t i t ia l  and s u b s t i t u t i o n a l  elements w i l l  be highl ighted as these  a re  cen t ra l  
t o  an understanding of the meta l lu rg ica l  and i r r a d i a t i o n  behavior of niobium 
and niobium base a l loys .  P r io r  t o  t h i s ,  the  main physical  p roper t i e s  w i l l  be 
presented i n  "Physical Proper t ies"  fo r  niobium and niobium base a l loys .  

Physical P roper t i e s  of "Pure" Niobium 

The p r inc ipa l  atomic, thermal, e l e c t r i c a l ,  magnetic and o p t i c a l  proper- 
t i e s  of pure niobium a r e  given i n  Table I1 and 111. 
discussion here ,  f ea tu res  of note a re  the  high melting po in t ,  (2468 C) 

the body centered cubic lattice and the e l e c t r o n i c  s t r u c t u r e ,  4d 5s . The 

l a t t e r  implies tha t  niobium has a valence electron/atom r a t i o  (e/a) of f ive ,  
which is p a r t i c u l a r l y  important i n  determining many of the  bulk proper t ies .  
The superconducting p roper t i e s  of niobium have been omitted as these are 
covered i n  o the r  papers i n  the  present conference proceedings. 

They require  l i t t l e  

4 1  

The Pr inc ipa l  Physical  P roper t i e s  of Niobium Base Alloys 

Very l imi ted  data a re  ava i l ab le  on the  binary, ternary and advanced 
al loys  of niobium which a re  the  subject  of t h i s  review. Available data  
compiled by Fountain 6 McKinsey f o r  se lec ted  advanced a l l o y s  are given i n  
Table I V  (23). 
basis of compos i t ion. 

The data  are incomplete and i n  some cases estimated on the 



Table 11. Physical Properties of Pure Niobium 

A Atomic/Electronic/Mass/Crystal structure 

Atomic weight 92.9064 
4 1  Electronic configuration 4d 5s 

Crystal structure = body centred cubic a = 0.3292 nm 
Density at 20 C .57 Mg/m 

B Thermal Properties 

Melting Point: 
Boiling Point: 

Linear Coefficient of thermal Expansion 

2468 f 10 C 
4927 C 

A9,/9,0 = 6.892 x 10% t 8.17 x 10-10T2 (T in K) 

Specific Heat 0.26 k.l/kg/K 
Latent heat of fusion 290 K J/kg 
Latent heat of vaporization 7490 KJ/kg 
Thermal conductivity see Table 6 

C Electrical and Magnetic Properties 

Electrical Conductivity at 18 C : 13.2% IACS 
Electrical Resistivity at 0 C 125 nS2 :m 
Temperature coefficient 0-600 C 0.395 nQ:m er K 
Electrochemical Equivalent 0.19256 mg/C 

Standard Electrode Potential E? (V) Nb/Nb+l,0.96 
Magnetic Susceptibility at 25 C 2.28 x 10 mks 

D Optical and Thermionic 

Refractive index 1.8 
Spectral Emmissivity 1 = 650nb : 0.37 
Ionisation potential 6.67eV 
Work function 4.01eV 

Table 111. Thermal Conductivity 

C 
0 
100 
200 
300 
400 
500 
600 

W/m. K 
52.3 
54.4 
56.5 
58.5 
60.7 
63.2 
65.3 
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Table IV. Physical constants of selected semi-commercial alloys (after Fountain and McKinsey (23). 

Fs-82 Cb-65 Cb-74 D-3 1 F-48 F-50 
Nbl Zr (Nb-23Ta-lZr) Nb-8Ti-1Zr Nb-1OW-5Zr Nb-1OTi-1OMo Nb-15W-5Mo-lZr Nb-15W-5Mo-lZr-lTi 

Melting Point 2400 C 2510 2260a 2430a 2270 2480a 2430a 
(C) 

Density g/cm 8.66 10.2 8.06 8.98 8.08 9.4 9.1 

Crystal b.c.c. b.c.c. b.c.c. b.c.c. b.c.c. b.c.c. b.c.c. 
Structure 

Lattice Con- 
stant (nm) 

Thermal 41.8 
N 

N 
F- Conductivity (25 C) 

Wm/K 

Linear coef. 
of thermal 
expansion 

Specific 0.27 
Heat (25 C) 
kS/kg/K 

0.3295 0.3229 

22.2 
(315 C) 

71.1 39.3 34.3 
(1200 C) (25 C) (25 C) 

7.7 x 10-6 7.4 x 8.8 x 9 x 
(25-1150 C) (25-1150 C) (25 - 1200 C) (0-1000 C) 

0.31 
(25-1200 C) 

0.31 
(25-1200 C) 

a estimated on the basis of composition. 



S o l u b i l i t y  of Interst i t ia l  Impurity Elements 

Pure niobium. The s o l u b i l i t i e s  of oxygen, n i t rogen,  carbon and hydrogen 
i n  niobium are given i n  Figure 1 (24-26). The f i r s t  t h ree  inc rease  with 
inc reas ing  temperature whereas t h a t  of hydrogen decreases.  It is evident  
t h a t  very high concentra t ions  of these  elements may be d i s so lved  at  e l eva ted  
temperatures,  which should be con t ra s t ed  with the very low s o l u b i l i t i e s  of 
t hese  i n t e r s t i t i a l s  i n  molybdenum, a neighboring element i n  the  p e r i o d i c  
t ab le .  This comparison i l l u s t r a t e s  how s t rong ly  the  s o l u b i l i t i e s  depend on 

the valence e lec t ron/a tom,  ( e / a ) ,  r a t i o ;  t he  t y p i c a l  s o l u b i l i t y  l e v e l s  

expected f o r  d i f f e r e n t  e/a r a t i o s  are given below: (14) 

2000- 

1500. 
0 
0 

W 

3 
a 

5 1000. 
W a 
I 
w 
L- 

500 

e/a w t  ppm 
_. 

5.6 - 6 - o (w, Mo, C r )  

5 - 1000 (Ta, Nb, V) 

4 > 1000 (Hf, Z r ,  T i )  

Pionke and Davis (16) ,  i n  d i scuss ing  the  equi l ibr ium concen t ra t ion  - 
temperature r e l a t i o n s h i p s  f o r  the  niobium-oxygen and niobium- nitride systems, 
made the important po in t  t h a t  t o  prevent oxide formation a t ,  say,  600 C,  the  
p a r t i a l  p re s su re  of oxygen would have t o  be kept below 10-23 t o r r ,  while t o  
prevent n i t r i d e  format ion at  the  same temperature the  n i t rogen  p a r t i a l  
pressure  has t o  be below 10-6 t o r r .  
10 6 t o r r  at 600 C the  equi l ibr ium oxygen concentra t ion would be 600 wppm, 
which is mre than s u f f i c i e n t  t o  a f f e c t  the  mechanical p r o p e r t i e s  of niobium. 
I n  general ,  as w i l l  be d iscussed i n  the  sec t ion  "Mechanical P rope r t i e s  of 
Niobium and Niobium Base Alloys" , the  high s o l u b i l i t i e s  of i n t e r s t i t i a l  
impur i t i e s  i n  niobium are important i n  determining its response t o  app l i ed  
loads; the  p r o p e r t i e s  are t h e r e f o r e  p a r t i c u l a r l y  s e n s i t i v e  t o  the  environment 
in which the  tests are c a r r i e d  out.  

Fu r the r ,  f o r  t y p i c a l  vacuum l e v e l  of 

001 0.1 1.0 10 100 

INTERSTITIAL CONTENT - ATOMIC PERCENT 

Figure 1. S o l u b i l i t y  of i n t e r s t i t i a l  elements i n  niobium as a func- 
t i o n  of temperature (Gases at  Atmospheric P res su re )  (24-26). 

2 4 3  



S o l u b i l i t y  of I n t e r s t i t i a l  Elements i n  Niobium Base Alloys. The e f f e c t  
of the  reac t ive  Group IVa elements zirconium, hafnium and t i tanium has been 
most widely studied. Low leve l s  of zirconium and hafnium have a s t rong 
inf luence on the  s o l u b i l i t y  of oxygen and ni t rogen i n  niobium base alloys. 
For example a t  1000 C, < 1 weight percent zirconium reduces the  oxygen 
s o l u b i l i t y  from 3800 wppm t o  100 wppm (27) while a hafnium content of > 0.005 
atomic percent decreases the s o l u b i l i t y  of oxygen from 3-6 atomic percent t o  
0.25 atomic percent (28). Small addi t ions  of zirconium and hafnium a l s o  
reduce the  ni t rogen s o l u b i l i t y  i n  niobium a l l o y s  but r e l a t i v e l y  high l eve l s  
of these  elements are required t o  produce a reduction i n  carbon s o l u b i l i t y ;  
in con t ras t  t i tanium appears t o  have l i t t l e  e f f e c t  on the  s o l u b i l i t y  of 
carbon. A t  the usual  zirconium, hafnium and t i tanium contents  i n  the  advanced 
a l l o y s  the  s o l u b i l i t y  of carbon is qu i t e  l a rge ,  and t h i s  has allowed the 
development of a l loys ,  strengthened by d i s t r i b u t i o n s  of carbides  which a re  
thus responsive t o  thermomechanical treatment. 

Molybdenum and tungsten a re  the  only Group V1A elements which have 
received a t t e n t i o n  in the l i t e r a t u r e .  Additions of these  elements do not 
markedly a f f e c t  the s o l u b i l i t y  of carbon or oxygen, but they do reduce the  
s o l u b i l i t y  of ni t rogen (29). 

Diffusion 

Self d i f fus ion  and impurity d i f fus ion  rates are important t o  many metal- 
l u r g i c a l  p roper t i e s ,  and a s  a consequence, the re  has been considerable 
i n t e r e s t  in measuring sel f- diffusion and both s u b s t i t u t i o n a l  and i n t e r s t i -  
t i a l  impurity d i f fus ion  i n  niobium; the  r e s u l t s  a re  summarized below. 

f o r  pure niobium are summarized i n  Table V,  while Table V I  includes dif fu-  
s ion  data  f o r  i n t e r s t i t i a l  elements. There is s a t i s f a c t o r y  agreement between 
the da ta  obtained before 1978 f o r  se l f- d i f fus ion  i n  niobium and the l i n e a r i t y  
of the Arrhenius p lo t  covers more than tetl orders  of magnitude (30). How- 
ever ,  Einziger et a 1  (31) recent ly  found evidence of non- linear Arrhenius 

behavior when studying the d i f fus ion  of 95 niobium i n  niobium between 1353 
and 2693K. This was in te rp re ted  in terms of a divacancy contr ibut ion.  

Self- diffusion and i n t e r s t i t i a l  element d i f fus ion .  Self- diffusion data  

The data  given on oxygen d i f fus ion  are quoted from the work of Boratto 
and Reed-Hill (32, 33). It has t o  be noted t h a t  a controversey e x i s t s  
between these  workers and McLellan (32, 33) a s  t o  whether the  f u l l ,  high and 
low temperature data  f o r  oxygen f i t s  an Arrhenius plot .  Borat to  and Reed- 
H i l l  (32, 33, 37) believe t h a t  it does while McLellan disagrees  (36). 

There have been some s tud ies  of the e f f e c t  of a l loy ing  on i n t e r s t i t i a l  
d i f f u s i v i t y .  Perkins and Padgett (33) found t h a t  zirconium (< 1 w t . % )  
reduces the oxygen d i f f u s i v i t y  (600-1100 C) through the formation of Zr-0  
c lus te r s .  
was reduced by a l loy ing  and estimated the  following substitutional- oxygen 
binding o r  "trap" energies  (eV) tantalum, 0 .3 f  0.1; vanadium, 0.55f 0.05; 
t i tanium,  0 .7f  0.1 and zirconium 0.7 f 0.05 and Vasileva and Voronova (39) 
found i n  niobium - 10 atomic percent (Mo or  T i  and Zr) t h a t  the  ac t iva t ion  
energy (kcal/mole) f o r  ni t rogen d i f fus ion  at 600 - 800 C was 21.2 i n  Nb, 22.1 
- 22.3 i n  Nb-10 atomic percent molybdenum, 26.0 - 26.2 i n  Nb-I0 atomic 
percent t i tanium and 32.5 - 32.7 in Nb-10 atomic percent Z r .  These data 
ind ica te  tha t  zirconium has a s t rong inf luence on the  d i f f u s i v i t y  of both 
oxygen and nitrogen. 

Lauf and Altsletter (38) a l s o  found t h a t  the  oxygen d i f f u s i v i t y  
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Table V. Diffusion da ta  on pure niobium which f i t t e d  an Arrhenius P l o t  (30). 

0 

kT/mol 

12.4 439.5 
1.3 397.7 
1.1 401.9 
3.8 421.1 
0.85 393.8 
0.61 397.3 

Temp Range 

OC 

1535-2120 
1680-2150 
878-2400 
1535-2120 
878-2400 
1150-2240 

Table V I .  I n t e r s t i t i a l  impurity d i f f u s i o n  i n  pure niobium. 

Q 
kJ/mol Temp range Reference 2 D-m /s 

5.3 lo-' 100.95 140-1000 C 32 

5.6 100.96 140-1000 C 33 

3.78 106.3 550-1100 C 34 

" 

Nitrogen 2.6 x 152.3 270-1800 C 32 

Hydrogen 1.6 7.7 190-310 K 35 

Deuterium 5.94 12.8 233-310 K 35 

Tri t ium 4.45 13.0 233-310 K 35 

S u b s t i t u t i o n a l  element d i f fus ion .  Pe l l eg  (30) has reviewed the subs t i tu-  
t i o n a l  a l l o y  d i f fus ion  i n  niobium. 
combined i n  Table V I I  with the  more recent  data  of Albi tzer  (40, 41) t o  show 
t h e  d i f fus ion  of these elements i n  niobium compared t o  niobium self -dif fu-  
sion. It is i n t e r e s t i n g  tha t  molybdenum and tungsten have low d i f f u s i v i t y  
while vanadium, zirconium and t i tanium have high d i f f u s i v i t y .  This has 
important impl icat ions  concerning the  e f f e c t s  on the creep behavior of 
niobium a l loys .  

The data compiled by Pel leg has been 

Mechanical P roper t i e s  of Niobium and Niobium Base Alloys 

Introduct ion 

Since the  l a t e  1950's a grea t  dea l  of e f f o r t  has been devoted t o  the  
study of mechanical p roper t i e s  of niobium and niobium base a l loys .  I n  
general ,  the  coverage is very good p a r t i c u l a r l y  at e levated temperatures. 
However, c e r t a i n  top ics ,  such as fa t igue ,  seem t o  have been neglected. 
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Table V I I .  Solute Diffusion from references (30, 40, 41). 

A Q  
kJ/mol 

Ti - 29.9 

Ti - 23.3 

V - 38.0 

V - 17.0 

Cr - 44.3 

Cr - 56.4 

Fe - 68.5 

Fe - 99.5 

Co - 136.6 

Co - 119.2 

Ni - 57.2 

Ni - 129.6 

V - 161.0 

Zr - 29.6 

Mo + 116.9 

Sn - 63.5 

Ta + 21.9 

W + 259.2 

0.92 

0.94 

0.90 

0.96 

0.89 

0.86 

0.83 

0.75 

0.75 

0.70 

0.85 

0.67 

0.59 

0.92 

1.30 

0.83 

1.06 

1.66 

Dimp/DNb (1545 C) 

0.85 

2.21 

32.20 

1.71 

6.61 

16.7 

12.1 

40.4 

42.3 

48.7 

565.0 

76.96 

3.9 

0.046 

11.1 

0.27 

0.003 

A Q = Qsolut; QNb : QN, = 393.8 kJ/mole 

(m 1s) -4 2 
DON, = 0.85 x 10 
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It is not intended t o  cover the low temperature deformation of s ing le  
c r y s t a l s  of niobium (<0.2Tm) i n  t h i s  review. 

s t r eng th  increases  rapidly as the temperature decreases (43) and the deforma- 
t i o n  processes are par t i cu la r ly  complex (see f o r  example 43-45). 
s tud ies  of these processes have been made i n  high-purity and doped s ing le  
c r y s t a l s  and desp i t e  the  considerable ins igh t  has been generated many funda- 
mental questions remain unresolved. For example, the  s t rong temperature 
dependence on the y ie ld  stress and flow stress in t h i s  region has been 
a t t r i b u t e d  t o  e i t h e r  the in te rac t ion  between the  res idua l  i n t e r s t i t i a l  
content and the d i s loca t ions  present (46, 47) or  t o  an i n t r i n s i c  property of 
d i s loca t ions  i n  the  bcc s t ruc tu re  (48). 

A t  these temperatures the 

Numerous 

The range of a l loy ing  elements tha t  have been used t o  s t rengthen niobium 
has already been covered in the  sec t ion  "Physical Properties" . The two main 
s t rengthening mechanisms involved a re  s o l i d  so lu t ion  s t rengthening and second 
phase p a r t i c l e  strengthening. The mst potent s o l i d  s o l u t i o n  s t rengtheners  
a r e  the Group V I A  and VA elements W, Mo and V which a r e  completely soluble  i n  
niobium. The group IVA elements (Ti,  Z r  and Hf) at low concentrations (< 2-3 
wt.%)  a re  regarded as  dispers ion s t rengtheners  because of t h e i r  in te rac t ion  
with  i n t e r s t i t i a l  elements which r e s u l t s  i n  the  formation of oxides e tc .  A t  
higher concentrations pa r t  of t h e i r  e f f e c t  may come from a s o l i d  so lu t ion  
strengthening mechanism. Prec ip i t a t ion  s t rengthening has a l s o  been achieved 
by increasing the  i n t e r s t i t i a l  impurity content t o  give an a l l o y  containing a 
high volume f r a c t i o n  of dispersed pa r t i c l es .  I n  niobium, NbC, NbO, and NbN 
are normally p rec ip i t a ted  as l a rge  p a r t i c l e s  both within  the  grains  and a t  
g ra in  boundaries, and give very l i t t l e  strengthening. A s u i t a b l e  d i s t r ibu-  
t i o n  of f i n e l y  divided p r e c i p i t a t e s  can be achieved by adding reac t ive  
elements t o  a l loys  having increased i n t e r s t i t i a l  contents.  This has been 
most successful ly  demonstrated with carbon add i t ions  s ince the  s o l u b i l i t i e s  
of oxygen and ni t rogen a re  dramatically reduced by the  reac t ive  element 
addi t ions  and it  is extremely d i f f i c u l t  t o  obtain  an optimum d i s t r i b u t i o n  of 
oxides or n i t r i d e s .  Carbon r e t a i n s  a high s o l u b i l i t y  at e levated tempera- 
t u r e s  and a l l o y s  responsive t o  thermo-mechanical treatments have been devel- 
oped. 

It is beyond the scope of t h i s  review t o  include a l l  the  da ta  tha t  has 
accumulated over the  last three  decades. I n  present ing the  behavior of 
"pure" niobium, the important e f f e c t  of the i n t e r s t i t i a l  impuri t ies  w i l l  be 
s t ressed.  I n  descr ibing the  a l loy  data ,  the a i m  w i l l  be t o  i l l u s t r a t e  the 
s i g n i f i c a n t  property changes introduced by a l loy ing  by reference to  selected 
binary, ternary and advanced a l loy  systems of niobium. A more thorough 
descr ipt ion of the  proper t ies  of the many binary, multi-component and ad- 
vanced a l loy  systems tha t  have been s tudied may be found i n  references  (1- 
15). 
base a l loys  tha t  have been included i n  these  inves t iga t ions .  

It is appropria te  t o  review the compositions of the niobium and niobium 

Composition of Niobium and Niobium Base Alloys 

It was indicated in the int roduct ion tha t  the  mechanical p roper t i e s  of 
niobium a r e  s t rong ly  influenced by i t s  pur i ty .  A s  the  pur i ty  is determined 
by the method of production, it is important t o  e s t a b l i s h  the  various routes 
by which niobium may be prepared and t o  give the  t y p i c a l  l e v e l s  of r e s idua l  
impuri t ies  which are achieved by each process. In  the  ea r ly  1960's there 
were three main methods f o r  consolidation; powder-metallurgy, arc-melting, 
and electron-beam melting. Typical analyses are given in Table V I I I ;  the 
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f i n a l  pur i ty  depends on the  pur i ty  of the  s t a r t i n g  material but it is evident  
t h a t  the  g rea tes t  degree of p u r i f i c a t i o n  and u l t ima te  f i n a l  pur i ty  is obtained 
by electron-beam melting. A review of these  consol idat ion processes has been 
presented by Pochon (19). 
melting has been used on a laboratory s c a l e  t o  prepare small- single c r y s t a l s  
and Schulze e t  a1 (20) have given an exce l l en t  discussion of t h i s  production 
process. 

Ultra-high p u r i t y  mate r i a l  produced by zone 

A very wide range of a l loy  systems has been s tudied including the  binary 
and ternary a l loys  comprised of elements i n  Table I and a number of complex 
a l l o y s  t h a t  have been developed f o r  commercial o r  semicommercial appl icat ions .  
Table IX summarizes the compositions of the  most advanced a l loys  developed i n  
the  West, i n  the mid t o  l a t e  1960's (21). Following Frank (21),  they have 
been c l a s s i f i e d  as high, medium and low s t rength.  The high s t reng th  a l l o y s  
usua l ly  have tungsten or tungsten and molybdenum leve l s  i n  excess of 20 w t .  
percent while the  medium s t reng th  a l loys  have lower l eve l s  of these  elements. 
The major const i tuents  of the low s t reng th  a l l o y s  a re  the Group IVa elements 
(Ti ,  Z r  and H f ) .  Pionke and Davis, (16) i n  t h e i r  excel lent  assessment of 
niobium base a l loys  f o r  fusion reac to r  app l i ca t ions ,  gave Nb-lZr, C103, SCb 
291, C129Y and FS-85 as  being commercially ava i l ab le  i n  1978: of these  C103 
was considered t o  be the most widely used high- temperature niobium-base 
a l loy .  Table X l is ts  the a l loy  systems of commercial and semicommercial 
a v a i l a b i l i t y  i n  the  USSR ( c i r c a  1977) taken from Morgunova (23). Also 
included a r e  a l loys  l abe l l ed  "development" t o  which there  a re  frequent 
references  in the  Russian l i t e r a t u r e  (1970 - 1980). A surpr i s ing  f e a t u r e  is 
t h a t  only one of the a l loys  contains tungsten while the  rare ea r ths  lanthanum 
and cerium a re  a f ea tu re  of the VN s e r i e s .  No de ta i l ed  information on the  
app l i ca t ions  of these a l loys  is ava i l ab le ;  i t  may be s i g n i f i c a n t  tha t  s ince  
1970 the majority of references  t o  the  VN s e r i e s  a re  concerned with various 
aspects  of t h e i r  welding and brazing. 

Deformation, Recovery and Recrys ta l l i za t ion  

The mechanical p roper t i e s  of niobium and niobium base a l loys  a re  in-  
fluenced by the  i n i t i a l  thermo-mechanical treatments.  For example, niobium 
s t r a i n  hardens a t  a low rate and thus the  pure metal can be cold-worked with 
l a r g e  reductions i n  thickness  without the necess i ty  of in termediate  anneal- 
ing. This sec t ion  discusses  the formation and thermal s t a b i l i t y  of the 
deformation induced subs t ruc tu res  which give r i s e  t o  t h i s  behavior. 

Table V I I I .  Typical  Pur i ty  of Niobium Achieved by 
Di f fe ren t  Consolidation Technique 

Route (19) P u r i t y  

Fe - T i  & - H - C 

Powder ( a )  0.5 0.07 0.25 ND 0.05 0.05 0.3 
Metallurgy (b) 0.05 0.01 (0.01 ND 0.05 0.05 0.3 

- N -2 0 -2 

Arc-Melted ( a )  0.08 0.03 0.023 0.0029 ND ND ND 
(b) 0.05 0.024 0.021 0.0014 ND ND ND 

Electron- ( a )  0.16 0.022 0.03 0.0016 
beam (b) 0.004 0.006 0.009 <O.OOI (0.001 <0.001 0.069 

( a )  S t a r t i n g  mate r i a l  (b)  P u r i f i e d  Mater ia l  ND Not determined 



Table IX. Composition of Advanced Nb-base Alloys 
(West Circa 1968) 

High Strength 

Cb-1 
B-88 
VAM 79 
Cb-132M 
AS-30 
F-48 
91-31 

Moderate Strength 
and Ductility 

Su-16 
FS-85 
D-43 
Cb-752 
SCb-291 
C-129Y 
B-66 
AS-55 
PWC-11 
PWC-33 

Low Strength 
and High Ductility 

Cb-753 
C-103 
B-33 
D-14 
D-36 
Nb-1Zr 

- w g  
30 
28 
22 
15 5 
20 
15 5 
17 

- TaGTixXf 
1 

2 
2 

20 2.5 
1 
1 

3.5 

11 3 
10 28 
10 
10 
10 10 
10 

5 
5 

2 
1 
1 
2.5 

10 
1 5 
1 
1 
3 

1.25 5 

5 
1 0.7 10 

5 
10 5 

1 

Other 

0.06C 
0.06C 
0.06C 
0.13C 
0.1c 
0.05/0.lC 
0.1 

- 

0.08C 

0.1c 

0.2Y 

0.2Y 
0.1c 
0.35C 

Table X. Composition of Commercial Semi-Commercial and Development 
Nb-base Alloys : USSR (1977) 

Commercial and 
Semi-Commercial W & Ti 1 Hf Other - 
VN2 3.2-5.2 6 0.05C 
VN4 8.5-10.5 1-2 0.01-0.05 La, Ce 0.25-0.4 
VNZA 3.5-4.7 0.5-0.9 O.O8C, 0.015-0.04 La, Ce 
VN5A 5-7 0.5-0.95 0.08-0.15C 
RN6 4.5-6 4.5-6 1-1.5 

IRMNl ) 
IRMN2 No composition available 
IRMN3 ) 

Development 

Nb-1Zr-O.1C 1 

5vMTs 5 2.2 0.7 
5VMTSU 4.9 2.0 0.2 
5VTTS 4.5 2.0 3.5 

A-44 4.25 
0.1c 
0.35N 
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Substructure  formation 

"Pure" niobium. The development of the  d i s l o c a t i o n  substructure  at 
room temperature i n  po lyc rys ta l l ine  niobium has been s tudied by severa l  
authors  (49, 50, 51). Representative r e s u l t s  were obtained by Thompson and 
F lewi t t  (49). Working with niobium wires and s t r i p  having an i n i t i a l  given 
s i z e  of 90 microns and containing < 50 ppm oxygen and a t o t a l  i n t e r s t i t i a l  
impurity of < 115 ppm. The d i s loca t ion  arrangements formed i n  cold- rolled 
s t r i p  on increasing deformation a re  summarized i n  Table X I .  The mst s ign i-  
f i c a n t  aspect  of these  observations was the development of a cell  s t r u c t u r e  
a t  > 20 percent deformation and the small change i n  c e l l  s t r u c t u r e  as  the  
l e v e l  of deformation was raised.  Berghezan and Fourdeux (50) reported a 
s i m i l a r  progression on s t r a i n i n g  in tension although they observed c e l l  
development a t  s l i g h t l y  lower s t r a i n s  (8%). It is thought tha t  the cell  
boundary is not a s t rong obstacle  t o  the  propagation of s l i p  d i s loca t ions  
(53). and t h i s  is c l e a r l y  an important f a c t o r  i n  the  development of the c e l l  
s t ruc tu re .  

The work of Van Thorne and Thomas (51) demonstrated t h a t  t h e  development 
of t h i s  c e l l u l a r  subs t ruc tu re  is important i n  determining the  mechanical 
response of niobium. They found t h a t  a c e l l u l a r  network formed only i n  impure 
material containing p r e c i p i t a t e s  and t h a t  t h i s  material work hardened with 
the  flow stress dependent on the square root  of the  d i s l o c a t i o n  density.  
Ce l l s  d id  not develop i n  pure material which as a r e s u l t  d id  not work harden 
t o  the same extent  and exhibi ted a flow s t r e s s  with  a lower dependency on 
dis loca t ion  density.  These r e s u l t s  a l s o  h igh l igh t  the  important ro le  which 
i n t e r s t i t i a l  elements play i n  substructure  formation. 

Table XI. Dislocat ion arrangements formed i n  niobium 
after r o l l i n g  a t  room temperature 

Deformation Dis locat ion Arrangement 

Undeformed 3 x 10 l i n e s  cm-2 - some sub-boundaries 6 

5% 

10% 

>20% 

80% 

98% 

7 x 
t i o n  both a <111> and a<100> burgers vector  
observed 

-10 l i n e s  cm - i n  loca l i zed  a reas  small 
c l u s t e r s  of d i s loca t ions  formed 

Dislocat ions  form a c e l l u l a r  s t r u c t u r e  within  
individug4 c e l l s  d i s l o c a t i o n  densi ty  is low 10 
l i n e s  an . C e l l  s i z e  0.4 x 0.4 x 0.0% 

Cel l  w a l l s  t h icker  and contain  more disloca-  
tions .  No change of d i s l o c a t i o n  densi ty  within  
ind iv idua l  c e l l s .  C e l l  s ize- 0.4 x 0.4 x 0.01% 

C e l l  s i z e  decreased and ind iv idua l  c e l l s  less 
e a s i l y  dis t inguished as they contained tangles  
of d i s loca t ions .  

l i n e s  IZIII-~ - f a i r l y  uniform d i s t r ibu-  

I2 

9 -2 

6 

From Thompson and F lewi t t  (51) 

250 



Substructure formed i n  Nb a l loys .  There is very l i t t l e  information 
on the  substructure  produced by deformation i n  niobium al loys .  Ce l lu la r  
s t r u c t u r e s  a r e  formed i n  Nb-1W-1Zr (134) s t r a ined  10 percent i n  tension 
ind ica t ing  l i t t l e  di f ference from the behavior of niobium s t ra ined  i n  tension 
(see 50). In Nb-1Zr 0.1 wt. percent C ,  Glazunov (54) found tha t  a c e l l u l a r  
s t r u c t u r e  was formed a f t e r  30 percent cold r o l l i n g ;  the  development of the 
subs t ruc tu re  a t  higher l eve l s  of deformation s imi la r  t o  tha t  found by Flewit t  
and Thompson (51) i n  cold- rolled pure niobium. However, the  y ie ld  s t r eng th  
and s t reng th  were independent of deformation, ind ica t ing  tha t  the cell  
w a l l s  were, as i n  niobium (531, s t i l l  weak b a r r i e r s  t o  s l i p .  

Re cover y 

The thermal s t a b i l i t y  of the deformation s t r u c t u r e  is of v i t a l  importance 
i n  the re ten t ion  of strengthening imparted by p r io r  thermal-mechanical 
treatments.  In heavily deformed mate r i a l  the  d i s loca t ion  c e l l  s t r u c t u r e  is 
not s t a b l e  a t  elevated temperatures; the  s tored energy of cold work being 
reduced by recovery and primary r e c r y s t a l l i z a t i o n  processes. The s tud ies  on 
recovery a re  confined t o  pure niobium and w i l l  be reviewed below. 

In heavily deformed niobium (95% cold r o l l i n g )  Foatedar and Monteiro (55) 
observed no change i n  the  average cell  s i z e  a f t e r  one hour anneals at 25-400 
C. Above t h i s  temperature, the ce l l / subgra in  s i z e  increased l i n e a r l y  up t o  
680 C after which the subgrain s i z e  tended t o  sa tu ra te .  Minakov e t  a 1  (56) 
s tudied the  growth k i n e t i c s  of deformation cells in niobium (deformed by 90%) 
i n  the temperature range 500 - 900 C ,  and found tha t  the c e l l s  g r e w  at a 
constant r a t e ,  with an a c t i v a t i o n  energy of 28.1 kJ/mol. 
than the a c t i v a t i o n  energy f o r  s e l f  o r  g ra in  boundary dif fusion,  r e c r y s t a l l i -  
za t ion  and polygonization. The authors  noted tha t  the  value was s imi la r  t o  
t h e  ac t iva t ion  energy f o r  i n t e r s t i t i a l  atom migration. They considered tha t  
c e l l  growth would continue as  long as i n t e r s t i t i a l  atoms were created ins ide  
t h e  cell  boundary by the motion of d i s loca t ions .  A s  these  diminished i n  
densi ty  the  c e l l  w a l l  would become more l i k e  a polygonal wal l  o r  g ra in  
boundary, which would require  a much higher a c t i v a t i o n  energy f o r  motion 
(145-500 kT/mol). 

This is much lower 

Recrys ta l l i za t ion  

Recrys ta l l i za t ion  i n  "Pure" niobium. In general  the  r e c r y s t a l l i z a -  
t i o n  of niobium follows the expected c l a s s i c a l  pat tern.  It is control led by 
t h e  composition, degree and temperature of cold work, annealing t i m e  and most 
importantly annealing temperature. This  can be seen from the r e s u l t s  of Page 
(57). on arc- cast material, and Begley and France (581, on electron-beam 
melted material, presented i n  Figures 2 and 3 and Table XIII. The i n t e r s t i -  
t i a l  content of the  mate r i a l  is  given i n  Table XII. Begley and France (58) ,  
found lower r e c r y s t a l l i z a t i o n  temperatures (965-1160 C) than Page (1130 - 
1250 C) f o r  the  same degree of cold-work and annealing t i m e ,  (see Table 
XIII). This may be l inked t o  the  lower l eve l s  of i n t e r s t i t i a l  impuri t ies  i n  
the  e lec t ron  beam melted mater ia l .  Begley and France (57) a l s o  s tudied 
isothermal g ra in  growth of t h e i r  electron-beam melted material between 1000 
and 1200 C. There was a s l i g h t  inc rease  i n  g ra in  s i z e  at 1200 C but l i t t l e  
change a t  1000 and 1100 C. No information w a s  found which re fe r red  e x p l i c i t-  
l y  t o  secondary r e c r y s t a l l i z a t i o n .  
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ANNEALING TIME lHRl  

Figure 2. Approximate beginning and end of recrystalliza- 
tion; prior deformation indicated on curves (57). 
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Figure 3. Approximate beginning and end of recrystalli- 
zation deformation indicated on curves (58). 
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Recrystallization of niobium alloys. The recrystallization data on 
the alloys are mainly concerned with the effect of binary additions. The 
combined data of Savitskii (59) and Bartlett (60) are presented in Figure 4. 
The higher recrystallization temperatures of pure niobium reported in the 
Russian work may be attributed to the influence of impurity elements carbon, 
oxygen and nitrogen. Both sets of data confirm that tungsten and molybdenum 
raise the recrystallization temperature. Interesting features of the results 
of Savitskii et a1 (59) are that microalloying has a very pronounced effect 
on the recrystallization temperature and that some elements may depress the 
recrystallization temperature, i.e. B, Cr, La; while V and Ti initially 
increase and then decrease the recrystallization temperature. 

Second phase particles also affect the recrystallization behavior. Data 
on recrystallization temperatures T 

(61,  62). The higher values of T in the Nb-Zr-C system after 80 percent 
deformation may indicate that the carbides present in this alloy stabilize 
the cell structure at high levels of deformation. 

in Nb-Zr alloys are given in Table XIV R 
R 

There have been few systematic studies reported in the literature on the 
recrystallization behavior of multi-component alloys as a function of cold 
work, grain size and annealing temperature. However, the indications are 
that the general pattern given above is followed. For example, Pionke and 
Davis (16) quote data on Cb-65 (Nb-7Ti-0.8Zr) and F-50 (Nb-5Mo-15W-STi-lZr- 
0.06C). 
lization temperature as Nb-lZr, but the molybdenum and tungsten additions and 
second phase particles in F50 raised the recrystallization temperature and 
the alloy required one hour at 1760 C for complete recrystallization even 
after 85 percent reduction. 

After 75 percent reduction, the Cb-65 alloy had the same recrystal- 

The above discussion is concerned with primary recrystallization. There 
are little data on secondary recrystallization in niobium alloys. 
et a1 (63) report that in Nb-Zr-N alloys the stable nitride particles inhibi- 
ted secondary recrystallization until 1700 C; substantial grain growth 
occurred above this temperature following coalescence of the nitride phase.. 

Bankoviskii 

Fracture Mechanisms and Ductile-Brittle B e h a v s  

Fracture Mechanisms 

Fracture - mechanism-map of "pure" niobium. The fracture map for 
niobium derived from published data by Gandhi and Ashby (64) is shown in 
Figure 5. This diagram, with tensile stress as one axis and homologous 
temperature as the other shows the fields of dominanace of seven mechanisms 
of fracture by which a crystalline solid loaded in tension might be expected 
to fail. 
discussed by Ashby et a1 (65) and Ashby (66). 

The fracture mechanisms and the construction of the maps are 

Niobium shows the expected pattern of fracture behavior for many bcc 
metals, the most &&inant feature of which is the range of stress and temper- 
atures at which brittle behavior is encountered. Below about (0.07 T ) - 70 C 
niobium fails by cleavage on {OOI} and also {110} planes with negligible 
ductility. 
at flaws or more usually mechanical twinning or slip cracks which propagate 
either by cleavage or along grain boundaries. As the temperature increases 
the flow stress falls and extensive plasticity precedes fracture; higher 
stresses are required to initiate cracks and measurable ductility precedes 
cleavage fracture. 
interstitial impurity. As the temperature increases, a gradual transition to 
ductile fracture occurs. 
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This occurs either through the propagation of pre-existing cracks 

The extent of this field depends on grain size and 



Table XII. Interstitial content of niobium employed in 
recrystallization studies 

- C - 0 - N (wt ppm) 

Page (57) Arc-cas t 300 500 360 

Powder 
900 300 Metallurgy 200 

Begley (58) Electron- 190 250 200 
and beam 
France melted 

Table XIII. Recrystallization temperatures* and activation 
energies for recrystallization 

Recrystallization 
temp OC 

Activation 
Reduction Energy Begley and 

% (kJ/mol) France (57) Page (58) 

50 
60 
80 
95 
97.5 

- 
682 
640 
624 - 

- 1250 
1160 
1070 1171 
965 - 1130 

* Defined as the temperature at which recrystallization 
was complete after a 1 hour anneal. 

Table XIV. Recrystallization in Nb-1Zr Alloys 

Nb-1XZr (61) Nb-1XZr-O.lXC (62) 
* * 

=R cw TR CW 
20% 1400 C 10% 1450 C 
80% 1000 C 80 C 1200 C 

T = recrystallization temperature R 
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Figure 4(a). Data of Bartlett et a1 (60). 
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Figure 4(b). Data of Savitskii et a1 (59). 

Figure 4. Effect of alloying elements on the recrystal- 
lization temperature of niobium and its alloys. 
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At above 0.3 T niobium starts to creep and at high stress transgranular m 
creep fracture occurs. The intergranular creep fracture is depicted by 
Gandhi and Ashby at low stresses because no fractographic information is 
presently available. The authors state that the rupture field is included by 
analogy with maps for other bcc metals. 

Fracture mechanisms in Nb alloys. Most of the interest in the 
fracture behavior of the niobium alloys has centered on the ductile-brittle 
transition temperature and possible embrittlement rather than on the fracture 
mechanisms over a wide temperature range. However, it is to be noted that 
the second phase particles that are frequently a feature of the advanced 
alloys may exert a considerable influence on the fracture mechanisms. The 
most complete study of this is the work of Ban'kovskii et a1 (67) on the 
fracture under a tension deformation rate of 10 3/sec of the alloy NTsAV8 
which contains 4 percent by volume of ZrN. 
the role of the low strength ZrN particles in controlling the fracture 
mechanisms observed at test temperatures between -196 and 1550 C. 

The authors were able to identify 

Ductile-Brittle Behavior 

Ductile-Brittle behavior in "Pure" niobium. In common with all bcc 
metals, niobium exhibits a ductile to brittle transition at low temperatures, 
with the ductile to brittle transition temperature (DBTT) depending on both 
the metallurgical state of the material and the testing method. Niobium 
exhibits good tensile ductility down to -200 C. This can be seen from the 
work of Begley and Platte (69) who demonstrated that the smooth bar transi- 
tion temperature of four purities of niobium was always between -190 and -196 
C. Similarly, Wessel, France and Begley (68) only obtained brittle trans- 
granular fracture at temperatures of about -215 C. 

The transition temperatures given by the more severe impact tests are 
generally higher for impure niobium. This is illustrated in Figure 6 ,  which 
concerns data of Begley and Platte (69) and Minchin and Sheeley (70) for 
electron-beam melted and arc-cast material. The relevant impurity levels are 
given in Table XV. Both sets of data gave a similar transition temperature 
of -200 C for the electron beam melted material. The transition temperature 
of the arc cast material was close to O°C in both cases, although the exact 
temperature determined in the two studies was different. Begley and Platte 
also observed that the transition temperature of the arc-cast material was 
relatively insensitive to prior deformation as. the DBTT was only lowered 
slightly when the material was tested in the cold-worked rather than the 
recrystallized condition. The major effect of the deformation was to reduce 
the impact strength (shelf energy) above the transition temperature. 

Grain size has also been shown to influence the DBTT. From tension tests 
Churchman (71) reported that cleavage fracture occurred at -195 C in coarse 
grained niobium (+ 0.4% oxygen) but not in fine grained material. Wessel and 
Lauthers (72) found a strong dependence on grain size in commercial Nb - 0.6 
Zr, rolled and recrystallized and tested i n  tension. Their results are given 
in Table XVI. 

Ductile-Brittle behavior in niobium alloys. The effect of selected 
binary additions on the DBTT is illustrated in Figure 7. The majority of 
elements raise the DBTT, with the exception of titanium and hafnium which 
cause little change. The pattern of behavior resembles the effect of alloy- 
ing additions on the recrystallization temperature, with Mo and W having the 
greatest effect. 
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Table X V .  Insterstitial impurity levels of materials considered in Figure 6. 

Material Test - C wt. percent Condition Ref. Figure 6 

E+ Charpy 0.021 0.010 0.009 Recrystallized 70 1 

A* 0.030 0.040 0.020 Recrystallized 70 2 

A* 0.03 0.040 0.070 Recrystallized 70 3 

E+ Mod 0.020 0.014 0.030 Recrystallized 69 4 

A* Type 0.025 0.027 0.014 Recrystallized 69 5 

V-no t ch 

Izod 

A* 0.025 0.027 0.014 Cold-worked 69 6 

i. 
E = electron-beam melted A* = Arc-cast material 

Table X V I .  Transition Temperature for Nb + 0.65 Zr, Rolled 
and Recrystallized Sheet (72). 

Average grain 
diam (mm) 

0.038 
0.091 
0.15 
0.35 

Transition Temperature 
(C) 

-175 
-150 
-150 
-100 

For the advanced alloy systems, Frank (21) quotes Westinghouse data on 
the bend transition temperature for a series of medium strength alloys, B-66, 
C129Y, Cb 752, D43, D43Y, FS-85, and SCb-291. With the exception of D43 the 
alloys exhibited good low temperature ductility. The transition temperature 
for D43 ranged from -100 C to 24 C depending on prior thermomechanical 
treatment. 

An important aspect of the ductile-brittle behavior of the alloys is the 
question of whether or not the DBTT is affected by long-term ageing at 
elevated temperatures. Stephens (74) found that ageing C-103 and Nb-1Zr for 
I000 hours at temperatures between 700 and 1025 C had no significant effect 
on the DBTT, but that ageing Cb-752 at 900 C raised the DBTT from -196 to 
-150 C. The author suggested that a critical combination of W and Zr levels 
in this alloy led to Zr segregation at grain boundaries which resulted in the 
observed embrittlement. 

Effect of interstitials of the ductile-brittle behavior. The DBTT 
of both niobium and niobium base alloys is usually raised by the presence of 
interstitial impurities. The data presented in Figure 8 demonstrates that 
both oxygen and nitrogen can raise the DBTT of niobium to above O°C. 
appears to have a greater embrittling effect than either carbon or nitrogen 
(75). 
tested in tension and this is discussed in the section below. 

Nitrogen 

Hydrogen has also been observed to severely embrittle niobium (76) 
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For niobium base alloys, the limited data available confirm that inter- 
stitial impurities raise the DBTT. Table XVII summarizes the results of 
Mahoney and Patton (77) on the effect of increased oxygen, nitrogen, and 
hydrogen levels on the DBTT of Cb-752 and of Stephens (74) on the DBTT of Cb- 
752, C-103, and Nb-1Zr. Both sets of results demonstrate that the DBTT of 
Cb-752 is particularly sensitive to interstitial levels. In constrast, the 
transition temperature for C-103 was relatively insensitive to hydrogen 
levels. Whereas the DBTT of Nb-1Zr was increased only when hydrogen was 
added after ageing treatments. 

Niobium in common 
with the other Group Va metals is subject to slow strain-rate embrittlement 
when interstitial elements are present at levels below the solubility limit. 
The niobium-hydrogen system has been the most widely studied. Tensile 
testing of niobium-hydrogen alloys at < O°C generally indicates a ductile- 
brittle-ductile transition (79-82), although a simple ductile-brittle transi- 
tion has also been observed (82-85). 
dependent on both the strain rate and hydrogen level, Figure 9. 
tlement has been attributed to either hydrogen in solution or to precipitated 
hydrides. Recently other authors (86) have shown that the embrittlement is 
caused by the stress-induced formation of hydrides in advance of the crack 
tip. The brittle hydride cleaves along Ill01 and the crack front advances; 
the step-wise precipitation and cracking of the hydrides formed in front of 
the crack allows the rapid propagation of the crack. This hydride mechanism 
is controlled by hydrogen diffusion to the crack tip and Gahr et a1 (86) 
demonstrated that the inverse strain rate effect and the return to dutility 
at low temperatures can be accounted for by the limited growth of hydrides. 

Slow Strain-rate dependent embrittlement of niobium. 

Any ductility minimum observed is 
The embrit- 

Birnbaum (87) has discussed the applicability of this mechanism to the 
brittle fracture resulting from the presence of other phases (oxides, ni- 
trides, carbides, helium bubbles, etc.). From the general requirements which 
must be satisfied for this mechanism to lead to brittle fracture he has 
derived expressions for the upper and lower temperature bounds T and T 

respectively for this phenomenon and applied these to various systems includ- 
ing Nb-0 and Nb-N. The values of T and T for Nb-0 and Nb-N are given in 

U L Table XVIII. 

U L 

Donso and Reed-Hill (88) found that slow-strain rate embrittlement 
occurred in niobium containing > 0.5 at percent oxygen in the temperature 
range 325 C - 725 C which is below the solubility limit for oxygen at the 
test temperature. By analogy with hydrogen embrittlement a ductile-brittle- 
ductile fracture transition was observed; the ductility decreasing with 
decreasing strain-rate and increasing oxygen concentration. 

Tensile properties 

The elevated temperature tensile properties of niobium and niobium base 
alloys have been very widely studied. In "pure" niobium the important effect 
of interstitial impurities has been identified as well as the influence of 
other metallurgical and test parameters such as strain rate and grain size. 
The strengthening effect of a wide range of alloying elements and second 
phase particles have been studied, and the tensile properties of the advanced 
alloys are well established. Interstitial elements can be picked up from the 
testing environment and since this can have a marked effect on the tensile 

-5 properties only data obtained in an inert atmosphere or a vacuum of < 10 
torr will be presented in this review. 
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Table XVII A. Ef fec t  of Changes i n  Oxygen, Nitrogen and Hydrogen 
l e v e l s  on t h e  DBTT of Cb 752. 

H e a t  Treatment 

1 hr. vacuum anneal 
a t  1100 o r  1200 C 

Annealed 1 hr. 1345 

Aged f o r  725 C 

1000 hr. at 825 C 
900 c 
975 c 

1025 C 

and 

Impurity (wppm) 

N H - - 0 - 
250-330 150-250 10-75 
620-830 500-675 18-85 
630-860 >670 80-110 
860-1390 >670 >180 
890-1420 >630 >210 

C 126 100 37* 

37" 

39* 
38* 
40" 
41* 

DBTT C 

-196 
- 80 

25 
100 
200 

50 

65 

70 
100 
80 
80 

Ref. - 

77 
77 
77 
77 
77 

74 

74 

74 
74 
74 
74 

* Hydrogen introduced a t  850 C (10 min) a f t e r  heat treatment.  

Table XVII B. DBTT of Hydrogen-Doped Alloys, C-103, and Nb-1Zr ( 7 4 ) .  

DBTT Alloy and heat treatment Impurity (wppm) - 
C-103 

Annealed 1 hr. 1345 C 130 40 74 <-196 C 
Aged f o r  725 72 
1000 hrs.  825 69 
a t  900 61 

975 53 
1025 39 

Nb-1Zr 

Annealed 1 hr. 1345 C 73 70 51 <-196 C 
Aged f o r  700 53 -100 c 
1000 hrs. 825 59 
at 925 55 

975 58 
1025 28 

* Hydrogen introduced a t  850 C at a pressure of 10 mn a f t e r  
annealing treatment.  
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Table XVIII. Upper, T , and Lower Temperatures, T,, f o r  

embr i t t l ing  t o  occur (87) 
u Y 

TU TL Embri t t l ing 

System Phase - (OK) - (OK) 

Nb-0 NbO 1220 890 685 555 
Nb-N Nb2N 1100 1170 900 725 

Moduli of e l a s t i c i t y  

"Pure" niobium. Reported values of Young's mdulus ,  E, f o r  poly- 
c r y s t a l l i n e  niobium a t  room temperature tabulated by Tie tz  and Wilson (10) i n  
1966 vary between aproximately 100 and 125 GPa, suggesting t h a t  the  modulus 
may be s e n s i t i v e  t o  the  method of preparat ion,  pur i ty  and test conditions. 
More recent ly  Gschneider (89) reported a value of 105f  0.7 GPa and Wreidt 
and Oriani (901, a value of E = 100.1 f 1.3 (GPa). 

Brown and Armstrong (91) and Armstrong and Brown (92) s tudied the  temper- 
a tu re  dependence of the  Young's Modulus, E, and found t h a t  cold-worked 
specimens and samples annealed below 1000 C showed a slow decrease of E with 
increasing temperature (curve 1 Figure 10) while samples annealed f o r  1 hr a t  
1800 C exhibi ted an inc rease  i n  E between 200 C and and 1050 C (Curve 2, 
Figure 10). This behavior w a s  a t t r i b u t e d  t o  the  s t rong  11101 r e c r y s t a l l i z a -  
t i o n  t ex tu re  in the  latter specimens; s tud ies  of s ing le  c r y s t a l s  revealed 
t h a t  E decreases with increasing temperature f o r  [ loo]  o r i e n t a t i o n s  but 
increases  f o r  [110] and 11111 or ien ta t ions .  For f u r t h e r  discussion of s ing le  
c r y s t a l  e l a s t i c  constants  see Talmor et a1 (1977) (93) and f o r  a general  
review of the e l a s t i c  moduli of bcc t r a n s i t i o n  metals see Fisher  (94). 

Niobium a l l o y s .  Harris (95) determined the Youngs Modulus, E, 
between 80 and 373 K using a s t a t i c  method i n  tension f o r  a range of binary 
a l loys ,  Nb-Ta, Nb-V, Nb-Zr (250 ppm i n t e r s t i t i a l  impur i t i e s )  and Nb-W with 
100 w t  ppm i n t e r s t i t i a l  impuri t ies .  A t  - 296 K the  inc rease  i n  E with 
concentration was roughly l i n e a r  i n  a l l  the  a l l o y s  f o r  concentrat ions  greater 
than-  34 a t  percent.  A t  small concentrat ions ,  the re  were deviat ions  from 
t h i s  l i n e a r i t y .  V and T a  caused small deviat ions  downward while W and Z r  
gave deviat ions  upward. 

Yield Strength,  u l t ima te  t e n s i l e  s t r e n g t h  and elongat ion measured a t  
e levated temperatures 

"Pure" niobium. The elevated temperature t e n s i l e  p roper t i e s  of 
r e c r y s t a l l i z e d  commercial niobium (69) a r c  melted (70) and e l e c t r o n  beam 
melted mate r i a l s  (70) a r e  shown i n  Figures 11 t o  13. The impurity l eve l s  a re  
given i n  Table XIX. The most notable  fea tu re  of the  temperature dependence 
of the u l t ima te  t e n s i l e  s t r eng th  and y ie ld  s t r eng th  is the loss of s t r eng th  
a t  temperatures above 400-600 C due t o  the  onset of recovery and rec rys ta l -  
l i z a t i o n  processes.  This is p a r t i c u l a r l y  c l e a r  in the case of the  e lectron-  
beam melted material, The less pure materials exh ib i t  a higher  s t r eng th  a t  
temperatures below the onset of recovery and r e c r y s t a l l i z a t i o n  as  can be seen 
from a comparison arc-mel ted or commercial niobium with e l e c t r o n  beam melted 
material.  This r e f l e c t s  the  important e f f e c t  which the  i n t e r s t i t i a l  elements 
have in r a i s i n g  the  s t r e n g t h  i n  t h i s  temperature range. The i n t e r s t i t i a l  
elements present  i n  the  less pure materials a l s o  give rise t o  the  dynamic 
s t r a i n  ageing peaks a t  300 C. The e f f e c t  of i n t e r s t i t i a l  impur i t i e s  is 
fu r the r  discussed in the  following sec t ion  "Effect of i n t e r s t i t i a l  impuri- 
t i e s" .  
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Figure 10. Modulus of e l a s t i c i t y  of niobium vs. t e s t  
temperature (91, 92). 
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Figure 11. Effect of temperature on the ultimate tens i l e  
strength of recrystal l ized commercial niobium 
(curve 1) arc uelted (curve 2) and electron- 
beam melted niobium (curve 3) (69, 70). Details 
of the impurity l eve l s  and test parameters are 
given in  Table 19. 
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Figure 12. Effect of temperature on the yield strength 
of niobium. See caption of Figure 11 for 
deta i l s .  

i 0 0  

80 

60 
a 
= LO 

20 

0 

s 
l- 

0 

s 
W 

0 200 LOO 600 800 1000 1200 l L O O  

TEST TEMPERATURE O C  
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Table XIX. Impurity levels of materials considered in Figures 11-13. 

Test Parameter Interstitial Impurity Curve 

N Figure 
levels (wt.%) in 

- 0 - C - Specimen Strain rate 

Recrystallized 1/4 in. diam 1 x per sec 0.024 0.019 0.019 1 
commercial Nb 
(69) 

Electron-beam 0.178 in. 0.005 per sec to 0.021 0.010 0.009 3 
melted (70) diam. by 1 yield strength 

in gauge then 0.05 to 
length failure 

Arc-melted 
(70) 

0.178 in. 0.005 per sec to 0.027 0.040 0.010 2 
diam. by 1 yield strength 
in gauge then 0.05 to 
length failure 

Niobium base alloys. There have been many studies of the strengthen- 
ing effect of binary additions to niobium. The additional strength provided 
by the Group IVA, VA, VIA elements is presented in Figure 14 for a test 
temperature of 1095 C. It can be seen that all of the elements studied with 
the exception of titanium and tantalum gave considerable strengthening. It 
has also been found that molybdenum and tungsten strengthen without causing a 
marked loss of ductility, and that a significant minimum in ductility occurrei 
at 5 percent zirconium. 
in the data at room temperature, suggesting that differences in purity and 
metallurgical history are important at this temperature. The effect of 
ternary and quaternary additions may be seen from the data on Nb-5V given in 
Table XX (23) .  All alloy additions produce additional strengthening, al- 
though zirconium additions cause a marked loss of ductility. 

Fountain and McKinsey (23) noted excessive scatter 

The second phase particles formed by the reactive metal additions also 
provide additional strengthening. This is illustrated in Figure 15 where the 
ultimate tensile strengths of three niobium-zirconium alloys are compared 
with the strength of niobium (curve 1) .  It can be seen from curve 4 for 
carbide strengthened and curve 5 for nitride strengthened material that the 
dispersed carbides and nitrides gave rise to higher strength than either Nb-1 
Zr (curve 2) or pure niobium (curve 1). However, comparison of curves 3 and 
4 ,  both for the carbide strengthened alloy PWC 11, highlights the necessity 
of following the optimum thermo-mechanical treatment. In the niobium-zircon- 
ium system the optimum volume fractions of both nitrides and carbides have 
been found to be 3-4 percent (99, 100) with the carbide strengthened alloy 
giving slightly greater strength below 1200 C. 

In the Nb-Hf system, second phase particles formed by interstitial 
element additions give considerable strengthening, although in this case the 
results of Grigovitch et a1 (101) suggest that at room temperature and 1200 
C, nitrides give greater strength than either carbides or oxides. 

As might be expected, different yield strengths are obtained when disper- 
sion strengthened alloys are tested in tension and compression. 
et a1 (63) studied a Nb-8W-Zr-N alloy with 4 vol percent ZrN and found that 
at 600-1000 C lower yield strengths were obtained in tension; this was 
attributed to particle-matrix interface fracture. The ratio of the yield 
strengths tested in compression and tension decreased from 1.27 at 600 C to 
1.06 at 1000 C. 

Ban'kovskii 
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Effec t  of temperature on the  u l t ima te  t e n s i l e  s t r eng th  
of the  following a l loys :  

Curve 1 Pure niobium 
Curve 2 Nb-1 percent Z r  
Curve 3 PWC 11 (Nb-1Zr-O.1C) Recrys ta l l i zed  at 1400 C 

Curve 4 PWC 11 hot extruded (9 : l )  a t  1675 C and ro l l ed  

Curve 5 NTSA-44 Recrys ta l l i zed  f o r  1 h r  a t  1600 C. 

Figure 15. 

( 1  h r )  and aged 1 h r  at 900 C. 

i n t o  rod 6- 30%) a t  1427 C. 
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Table XX. Tensi le  p roper t i e s  of tenary and quaternary 
a l l o y s  (from r e f .  23). 

Room Temperature 1095 C 

Alloying 

Additions 

5V-5Mo 

5V-5Mo- 1Zr 

5V-5Mo-lZr 

5v-7.5w 

5V-5W-lZr 

5v 

.02% 
( a )  Heat Treatment y.S. 

Annealed 77.2 
1600 C 
1 hr. - 

S t r e s s  Relieved 83.0 
1 hr. at 1095 C 

Annealed 89.0 
1600 C 
1 hr. 84.6 

74 

Elonga- 0.2% Elonga- 

U.T.S. (b )  t i o n  Y.S. U.T.S. t i o n  - ---- 

95.0 28.7 27.3 40.1 43.5 

- - 50.5 53.5 5.0 

101.3 34.9 42.4 47.4 41.8 

125.8 21.9 41.0 43.2 30.7 

104.5 32.4 46.5 50.5 18.6 

82 28 33 37 38 

( a )  Y.S. = Yield Strength 
(b) U.T.S. = Ultimate t e n s i l e  s t r eng th  

The ul t imate  t e n s i l e  s t r eng th ,  y ie ld  s t r eng th  and d u c t i l i t y  f o r  se lec ted  
high s t rengh,  Su 31, medium s t reng th  FS85, Scb 291 and low stength Nb-1Zr 
advanced a l loys ,  (102-105) are  p lo t t ed  in Figures 16-18. It is evident t h a t  
s o l i d  so lu t ion ,  dispers ion and p r e c i p i t a t e  s t rengthening are only e f f e c t i v e  
up t o  1400-1600 C and tha t  high s t reng th  a t  lower temperatures is achieved a t  
the  expense of d u c t i l i t y .  It is i n t e r e s t i n g  t h a t  a l l  the  zirconium contain-  
ing  a l l o y s  show maxima in t h e i r  UTS a t  500-900 C. This is suggest ive  of 
dynamic s t r a i n  ageing. 

E f f e c t  of i n t e r s t i t i a l  impuri t ies .  I n t e r s t i t i a l  elements i n  so lu t ion  
s t rong ly  inf luence the  e levated temperature t e n s i l e  p roper t i e s  of niobium and 
niobium base a l loys .  Yield point phenomena, so lu t ion  hardening, and dynamic 
s t r a i n  ageing are observed in niobium and i n  niobium a l loys  containing 
s i g n i f i c a n t  l eve l s  of i n t e r s t i t i a l  impuri t ies .  

The pronounced y ie ld  point phenomenon exhibi ted by niobium (and other  
r e f r a c t o r y  metals) when t es ted  at low temperatures is thought t o  occur 
through the  locking of d i s loca t ions  by the  segregat ion of impuri t ies .  
the  d i s loca t ions  a r e  f reed from the pinning atmosphere the y i e l d  point  is 
surmounted and the applied s t r e s s  decreases.  
t h a t  the  binding energy between i n t e r s t i t i a l  impurity atoms and d i s l o c a t i o n s  
i n  niobium was .32f .03 (eV) f o r  oxygen and .15 ?: .05 (eV) f o r  nitrogen. 

In the  case of pure niobium, Szkopiak (109) and Elsner and Horz (110) 
have demonstrated tha t  ni t rogen w a s  a more e f f e c t i v e  so lu t ion  hardener than 
oxygen by a fac to r  of 1.6 t o  1.8. In add i t ion ,  Szkopiak (111) has shown t h a t  
the  flow s t r e s s  increased l i n e a r l y  with inc reas ing  oxygen and ni t rogen 
content  and t h a t  the  so lu t ion  hardening coef f i en t s  were s t r a i n  rate indepen- 
dent but vary, with p l a s t i c  s t r a i n ;  ni t rogen again being twice as e f f e c t i v e  
a s  oxygen. 

When 

Blanter  e t  a1 (97) estimated 
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Figure 16. Effect of temperature on the ultimate tensile 
strength of Su 31, FS 85, SCb 291 and Nb-1Zr 
(102-105). 
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Figure 17. Effect of temperature on the yield strength 
of Su 31, FS 85, SCb 291 and Nb-1Zr (102-105). 
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Figure 18. Effect  of temperature on the elongation of 
Su-31, FS 85, SCb 291 and Nb-1Zr (102-105). 

The reduction of the  s o l u b i l i t i e s  of the i n t e r s t i t i a l  impuri t ies  i n  
a l l o y s  containing reac t ive  elements, such as zirconium, l i m i t s  the  possible  
so lu t ion  hardening. This is probably the  reason why increasing the  oxygen, 
ni t rogen and hydrogen l eve l s  i n  Cb-752 had l i t t l e  e f f e c t  on the  s t r eng th  a t  
room temperature (77). Obviously, i f  the  impurity l eve l s  a re  increased t o  
such an extent  tha t  p r e c i p i t a t e s  a re  formed, then s t rengthening w i l l  r e s u l t .  
This is i l l u s t r a t e d  by the work of Lakhtin e t  a 1  (113) who demonstrated tha t  
n i t r i d i n g  lmm sheets  of VN2AE (Nb-4.7Mo-.52r-.OZC) and VN3 (Nb-4.7 Mo-l.6Zr- 
.15C) a t  temperatures between 900 and 1200 C increased the UTS a t  room 
temperature by 50-100 percent ,  probably through the formation of dispersed 
n i t r i d e  p rec ip i t a tes .  

Dynamic s t r a i n  ageing peaks a re  a f ea tu re  of both niobium and niobium 
a l loys  ( p a r t i c u l a r l y  those containing T i ,  Z r  and Hf). The d i f f e r e n t  i n t e r-  
s t i t i a l  impuri t ies  cause d i f f e r e n t  dynamic s t r a i n  ageing temperatures. This 
is most c l e a r l y  i l l u s t r a t e d  by the  work of Amonenko et a 1  (106) concerning 
the  temperature dependence of the  UTS of niobium containing d i f f e r e n t  cornbinel 
l eve l s  of oxygen, ni t rogen and carbon. Their  r e s u l t s  a r e  shown i n  Figure 19. 
A high l eve l  of ni t rogen caused a peak at 450-600 C (curve 21, while a high 
l eve l  of oxygen caused a peak at 200 - 350 C (curve 3). These peaks were not 
observed i n  the  high pur i ty  mate r i a l  (curve 11, although, in common with the  
other  mate r i a l s ,  a small peak was observed i n  the  neighborhood of 400 C. 
This has been a t t r i b u t e d  t o  the  ac t ion  of carbon. The s e r r a t e d  shapes of the  
load deformation curves and reduced d u c t i l i t y  i n  the  regions of the  peaks 
confirm dynamic s t r a i n  ageing. 
in agreement with the e a r l i e r  work of Dyson e t  a1 (107) and Minchin and 
Sheeley (70). As might be expected, the  mgni tudes  of these  peaks are 
s e n s i t i v e  t o  s t r a in- ra te ,  and disappear at high s t r a i n  r a t e s  (78). 

These dynamic s t r a i n  ageing temperatures a r e  

In the a l loys ,  Wilcox and Allen (96) observed tha t  the add i t ion  of 2.5 
percent zirconium t o  Nb-10 W causes the  dynamic s t r a i n  ageing temperature t o  

s h i f t  from 200-500 C t o  650-1000 C = 1.7 They concluded t h a t  the 
r e s u l t s  were not expl icable  i n  terms of the e f f e c t  of zirconium on the  
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mobil i ty  of oxygen and they t e n t a t i v e l y  suggested t h a t  t he  i n h i b i t i o n  of 
recovery by p r e c i p i t a t i o n  played an important p a r t  i n  the  observed s h i f t .  

E f fec t  of  g r a i n  s i z e .  The dependence of the  lower y i e l d  stress a on the  
g r a i n  s i z e ,  d, was  o r i g i n a l l y  represented by H a l l  (114) and Petch (115) f o r  
a lpha i r o n  as: 

“ 1  
t o  
t o  

of 

t o  

of 

r ep resen t s  t h e  f r i c t i o n a l  stress and k is a measure of the con t r ibu t ion  

the stress made by the  g r a i n  boundaries. This r e l a t i o n s h i p  has been found 
hold f o r  niobium but the re  has been considerable  v a r i a t i o n  i n  the  values 

k r epor t ed  (0-1.7 kg/mm’/’). 

oxygen o r  n i t rogen  pick-up during anneal ing,  s i n c e  he observed a k 

1.7ke/mm3/’ i n  s t r a i n  annealed samules which d id  not show changes i n  

Y 

Szkopiak (116) concluded t h a t  t h i s  was due 

value  
Y 

Y 
-. - 

i n t e r s t i t i a l  content ,  while annealed specimens in which pick-up occurred gave 

a lower k of 0.8kg/mm3? 

e rab ly  lower than the  value f o r  g ra ins  (53) ,  implying t h a t  a cel l  boundary is 
not  as s t r o n g  an obs t ac l e  t o  the  propagation of s l i p  as a g r a i n  boundary. 

The l imi t ed  d a t a  a v a i l a b l e  i n  the a l l o y s  suggests  that the Hall-Petch 

The value of k f o r  cells (0.16Kg/mm) is  consid- 
Y Y 

r e l a t i o n s h i p  is obeyed provided second phase p a r t i c l e s  are not formed on 
g r a i n  boundaries (141).  

S t r a i n  hardening and s t r a i n  rate s e n s i t i v i t y .  Body centered cubic metals 
have a low s t r a i n  hardening rate a t  a l l  temperatures  (98). S t r a i n  hardening 
c o e f f i c i e n t s  f o r  niobium ca lcu la t ed  from t r u e  stress - t r u e  s t r a i n  curves a t  

room temperature are 0.2 t o  0.25 (a = Ken where n is t h e  s t r a i n  hardening 
c o e f f i c i e n t ) .  The s t r a i n  hardening c o e f f i c i e n t  a l s o  tends  t o  decrease wi th  
increased amounts of s t r a i n ;  in cold- rol led  niobium (80-90% reduct ion)  the  
s t r a i n  hardening c o e f f i c i e n t  is 0.05. 

The s t r a i n  rate s e n s i t i v i t y ,  m, def ined as 

is observed t o  inc rease  s l i g h t l y  with g r a i n  s i z e  and has a value  of between 
0.88 and 0.11 f o r  vacuum p u r i f i e d  material t e s t e d  at room temperature (228). 
A somewhat lower value (.03) was determined by Mincher and Sheely fo r  the  
lower y i e l d  stress of arc-cast material (70). 

Creep and Creep-Rupture 

Creep S t r eng th  

Creep s t r e n g t h  of “Pure” niobium. The creep behavior of niobium 
follows t h a t  of o the r  pure r e f r a c t o r y  metals; primary, secondary and t e r t i a r y  
creep a re  observed, t he  presence and ex ten t  of each s t a g e  being determined by 
t h e  temperature and stress levels. The stress and temperature dependence of 
creep deformation f o r  Group VA metals niobium and tanta lum,  taken from Begley 
e t  a1 (117) is shown in Figure  20. The 100 hour stress rup tu re  tests tend t o  
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Figure 19. Effect  of temperature on the  u l t ima te  t e n s i l e  s t r eng th  of 
niobium containing d i f f e r e n t  combined l eve l s  of oxygen, 
oxygen, ni t rogen and carbon (106). T e s t  pieces with 22 mm 

2 guage length and 5 x 0-5 mm cross- section were t e s t e d  at a 
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Curve 1 

Curve 2 

Curve 3 

-3 -5 Sec-l i n  a vacuum of 5 x 10 t o r r .  

5 x IO-~O, 3 x 1 0 ~ ~ 1 ,  ~ o - ~ c  (wt  X )  

6 x 10-30, 7.5 x 10-3N, lO-*C (wt X )  

5 x ~ o - ~ o ,  5 x ~ o - ~ N ,  I O - ~ C  ( w t  XI  

00- 

00 

so - 
EFFECT OF COLD WORK 

ULTIMATE TENSILE 
STRENGTH 

100 HOUR 
YIELD STRENGTH 

- 

?O 

3.5 

3.2 - 
- 

3.1 I 1 1 1 1 1 1 1 1 ]  
0 0.1 0.2 0.3 0 4  0.5 0.6 0 7  0.8 09 Id 

T' T, 
Figure  20. Summary of high temperature deformation of the  Group 

VA re f rac to ry  metals (melted material only) (117). 
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have severa l  percent primary creep, a s teady- state  creep rate of - 
s e c  , and a t h i r d  o r  mre of the test l i f e  i n  the  t e r t i a r y  s tage of creep. 
Creep d u c t i l i t y  is high (> 50%); there  is l i t t e  evidence f o r  void formation 
o r  i n t e r c r y s t a l l i n e  cracking and creep f r a c t u r e  is t r ansc rys ta l l ine .  With 

t h e  very low creep rates & lo-' sec-' f o r  1% s t r a i n  i n  1000 hrs.) there  is 
l i t t l e  i f  any primary creep. 

-1 

The stress dependence of s teady- state  creep has general ly  been expressed 
as a power function. 

n u = E (u = stress, E - s t r a i n  r a t e )  
( 3 )  

with values of n between.4 and 7 (105) although Barmore et a1 (110) reported 
a value of 9.3 i n  tests between 700 and 1000 C. 

Creep s t r e n g t h  of niobium al loys .  In general ,  a l loy  addi t ions  which 
increase  the  elastic modulus and lower the  atomic mobi l i ty  have been found t o  
be e f f e c t i v e  creep s t rengtheners  of niobium. For example tungsten and 
molybdenum are p a r t i c u l a r l y  e f f e c t i v e  at >0.5Tm i n  accord with t h e i r  slow 

d i f fus ion  r a t e s  i n  niobium (see sec t ion  "Physical Proper t ies" ) .  However, the  
da ta  i n  the  l i t e r a t u r e  on s p e c i f i c  a l loy ing  elements are d i f f i c u l t  t o  corre- 
l a t e  (118-123). This is probably due t o  d i f fe rences  i n  experimental technique 
and test parameters. 

The general  creep strengthening behavior of binary and ternary addi t ions  
is  best i l l u s t r a t e d  by the work of Klein and Metcalf (123),  who s tudied the  
creep s t rengthening due t o  addi t ions  of rhenium and the  elements i n  groups 
IVa - VIa, with  the exception of t i tanium,  a t  temperatures between .4 and 
.8Tm. They employed an abbreviated test method i n  which creep t e s t i n g  was 

conducted at high temperature i n  a vacuum of t o  t o r r  and the stress 

adjusted t o  give a steady- state creep rate of 
tu re  was then lowered and the procedure repeated u n t i l  the  e n t i r e  s t r e s s -  
temperature p r o f i l e  had been obtained. The r e s u l t s  demonstrated tha t  a l l  the  
so lu tes  s tud ied  increased the creep s t reng th  but tha t  they were frequent ly  
most e f f e c t i v e  i n  p a r t i c u l a r  composition and temperature ranges. Zirconium 
and hafnium were most e f f e c t i v e  at low concentrat ions  and temperatures, while 
the s o l i d  so lu t ion  s t rengtheners  tungsten and molybdenum contributed most a t  
high temperatures and concentrations. Vanadium, which McAdam (122) found t o  
lower the creep s t reng th ,  strengthened more at low r a t h e r  than high concen- 
t r a t i o n s  but there  was no s t rong dependence on concentration. Tantalum was 
only e f f e c t i v e  a t  concentrations of g rea te r  than ten atomic percent. In a 
subsequent paper they es tabl ished tha t  the creep s t reng th  of ternary a l l o y s  
was f requent ly  higher than the  binary data  would have predicted. This points  
t o  the  importance of so lu te  i n t e r a c t i o n s  i n  determining the  creep s t reng th  of 
multicomponent a l loys .  

Dis t r ibu t ions  of f ine ly  divided second phase p a r t i c l e s  have been shown t o  

per  second. The tempera- 

be e f f e c t i v e  creep strengtheners.  The creep s t reng ths  of a l l o y s  containing 
the  optimum volume f r a c t i o n  of zirconium carbide (100) o r  zirconium n i t r i d e  
(101) or hafnium n i t r i d e  (63) are comparable at 1100-1200 C with those of 
a l loys  containing high l eve l s  of tungsten and molybdenum. There have been 
r e l a t i v e l y  few direct comparisons of the  creep s t rengthening achieved by the  
d i f f e r e n t  second phase p a r t i c l e s ,  although McAdam (122) considered tha t  HfC 
gave s l i g h t l y  b e t t e r  creep s t reng th  a t  1200 C than the  same volume f r a c t i o n  
of Z r C  or TIC. 
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A f u r t h e r  aspect of creep s t rengthening by second phase p a r t i c l e s  is the 
thermal s t a b i l i t y  of the p r e c i p i t a t e  d i s t r i b u t i o n .  Changes i n  the precipi-  
t a t e  d i s t r i b u t i o n s  f requent ly  occur a f t e r  prolonged ageing at e levated 
temperatures,  and t h i s  may a f f e c t  the  creep s t rength.  This is  i l l u s t r a t e d  by 
t h e  work of Kissil e t  a1 (137) who found t h a t  ageing the a l loy  5VMT's f o r  
5000 hours a t  900 C cause an increase  i n  p r e c i p i t a t e  densi ty  which was 
thought t o  account f o r  the  inc rease  i n  creep s t reng th  at 1100 C observed 
a f t e r  the a l loy  had been aged. In con t ras t ,  the  change i n  carbide morphology 
during ageing of the  Nb-1 Zr-0.1 C f o r  up t o  10,000 hours a t  900 C w a s  con- 
sidered i n s u f f i c i e n t  t o  explain  the  decrease i n  creep s t reng th  at 900 C 
(136). The authors suggested t h a t  the  decrease i n  i n t e r s t i t i a l  content i n  
so lu t ion  i n  the aged mate r i a l  would decrease the  extent  of d i s loca t ion  
d i s s o c i a t i o n  and make cross- sl ip  e a s i e r ;  t h i s  would lead t o  a decrease i n  
creep s t reng th  a t  t h i s  temperature. 

The s t r e s s  rupture p roper t i e s  of se lec ted  high s t reng th ,  (Cb-1, Su31) 
moderate s t r eng th ,  (FS-85 and Cb-752), and low s t reng th ,  (Nb-lZr), advanced 
a l l o y s  a r e  given i n  Figure 22 on the  basis of s t r e s s  as a funct ion of the  
Larson-Miller parameter, (21). The pre- test  conditions a r e  set out i n  Table 
XXI. The creep s t reng ths  of these  a l l o y s  are general ly  i n  accord with the  
da ta  on binary a l loys ,  i.e. those a l l o y s  with high l eve l s  of tungsten exh ib i t  
good stress rupture proper t ies .  This is  p a r t i c u l a r l y  w e l l  i l l u s t r a t e d  by the 
inc rease  observed on going from Nb-1Zr t o  FS-85 which contains a f u r t h e r  10 
percent tungsten. 

Table XXI. P r e t e s t  Treatments (See Figure 22 f o r  stress 
rup tu re  p roper t i e s  of these  a l loys ) .  

Cbl(a) 1732 C 1 h r  

Cbl(b) 1371 C 1 hr 

Su 31") 1600 C 1 hr 

+1200 c 3 hrs.  

Fs 85(d) 1472 C 1 hr 

Cb 752(e) 1538 C 1 h r  + 40% CW 

+1316 C 1 hr 

Cb 752(f) +1205 C 10 min 

Nb-lZr(g) 1700 C 1 hr 

Ub-1Zr 1600 C 1 hr + 1200 C 3 hrs.  (h )  

A l l  t he  a l loys  considered i n  Figure 21 are wholly or p a r t i a l l y  s t rength-  
ened by second phase p a r t i c l e s  and they a l l  exh ib i t  some s e n s i t i v i t y  t o  pre- 
test heat treatments.  A s  ind ica ted  above, t h i s  may par t ly  be due t o  the  
d i f f e r e n t  d i s t r i b u t i o n s  of second phase p a r t i c l e s  produced. A f u r t h e r  
contr ibut ing f a c t o r  may be d i f fe rences  i n  the  grain- size d i s t r i b u t i o n s  
produced by d i f f e r e n t  annealing temperatures. Tsviluk e t  a1 (135) considered 
t h e  large g ra in  s i z e  produced by annealing the  a l loy  5VTTs at 1700 C t o  be an 
important f a c t o r  i n  the  increase  i n  the  100 hr. s t ress- rupture  s t r e n g t h  a t  
1100 C compared with specimens annealed a t  1400 C. Futher,  Vasi l 'eva and 
Trekina (142) considered t h a t  changes i n  the  g ra in  boundary s t r u c t u r e  during 
pre- test  treatments might a l s o  con t r ibu te  t o  creep s t rengthening of niobium 
al loys .  
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Figure 21. Stress- rupture propert ies  of se lec ted  niobium base 
a l loys ;  high s t reng th  Cb-1, 31-31, moderate s t reng th  
FS 85 and Cb-752, and low st rength Nb-1Zr (21). 
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Measured a c t i v a t i o n  energy, Qc, f o r  the creep i n  
niobium determined i n  s tud ies  (125-131). The value 
of the self- diffusion energy Q is indicated on the 
v e r t i c a l  axis of the f igure.  
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Measured a c t i v a t i o n  energy f o r  creep. A f requent ly  measured parameter i n  
creep s tud ies  is the ac t iva t ion  energy f o r  creep, which def ines  the tempera- 
t u r e  dependence of the creep ra te .  Its importance lies i n  the  fac t  tha t  i t s  
magnitude f requent ly  allows the ra te- control l ing creep mechanism to be 
determined. The measured ac t iva t ion  energy f o r  creep is usual ly  defined as  

where E is the creep r a t e ,  T is the temperature and the  stress CJ and s t ruc-  
t u r e  z are  held constant.  The t r u e  a c t i v a t i o n  energy f o r  creep can be 
expressed i n  terms of Q and a correct ion f o r  the  v a r i a t i o n  i n  e l a s t i c  

modulus with temperature. 

In pure niobium the re  have been severa l  measurements of Q (125-131). A t  

temperatures below .45T Q has been found t o  be less than the ac t iva t ion  

energy f o r  se l f  d i f fus ion  Q This has been taken t o  i n d i c a t e  that  creep is sd' 
control led by processes such as  cross- sl ip ,  pipe d i f fus ion ,  o r  grain boundary 
dif fusion.  is  close  t o  Qsd which is cons i s t en t  with d i f fus ion  

control led creep processes. However, considerable s c a t t e r  is observed, which 
may, as  indicated i n  Figure 22, be a t t r i b u t e d  t o  d i f fe rences  i n  t e s t  method, 
s t r a i n  rate etc .  Klein and Gulden (129) postula ted t h a t  the  high values 
given in t h e i r  test of the mate r i a l  l abe l l ed  A in Figure 22 w a s  caused by 
dynamic s t r a i n  ageing involving s u b s t i t u t i o n a l  atom impuri t ies .  The authors 
fu r the r  suggested tha t  the s t r u c t u r a l  i n s t a b i l i t i e s  r e s u l t i n g  from t h i s  
s t r a i n  ageing may have contr ibuted t o  the s c a t t e r  i n  the  values of Q, reported 
by other workers. 

m c  

Above 0.5Tm Q 

The l imi ted  information ava i l ab le  on the  e f f e c t  of a l loy ing  suggests tha t  
a l loying modifies Q,. 

temperature range 1100-1400 C, molybdenum addi t ions  inc rease  the  measured 
value of Q . In the  Nb-Zr system it  was observed t h a t  a t  1040-1300 C the  

addi t ion of up t o  1 percent Z r  caused Q t o  increase  but t h a t  fu r the r  addi- 

t ions  resu l t ed  i n  a reduction. These r e s u l t s  are i l l u s t r a t e d  in Figure 23. 

Lazerer and Ugaste (130) demonstrated tha t  in the  
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Figure 23. The e f f e c t  of molybdenum (130) and zirconium (131) 
add i t ions  on the  measured a c t i v a t i o n  energy f o r  
creep i n  the temperature range - 1100-1400 C. 
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Influence of i n t e r s t i t i a l  impur i t i e s  on creep. I n  pure niobium both 
oxygen and carbon have been observed t o  give creep s t rengthening,  and t h i s  
has been in te rp re ted  a s  a r i s i n g  through the c lus te r ing  of the  i n t e r s t i t i a l  
elements. For example i n  the  s tud ies  of Rawson and Argent (128) i t  was found 
t h a t  the presence of up t o  600 ppm carbon, which produced carbides ,  led t o  
decreased creep ra tes .  The authors a l s o  observed tha t  up t o  1200 ppm of 
oxygen decreased the creep r a t e  a t  below 1050 C but had l i t t l e  inf luence on 
creep proper t ies  at higher temperatures. The authors suggested tha t  the 
s t rengthening was due t o  oxygen c l u s t e r s  which were not thermally s t a b l e  a t  
above 1050 C. In con t ras t ,  Stoop and Shahinian (127) considered tha t  up t o  
3500 ppm of oxygen produced an order of magnitude s t rengthening i n  both the 
minimum creep rate and rupture  times i n  the  temperature range 0.55-0.62T m' 

Relat ively  l i t t l e  d i r e c t  information was  found on the e f f e c t  of i n t e r s t i -  
t i a l  impuri t ies  on the  creep behavior of niobum allo%s. 
authors have observed t h a t  test vacuum has an e f f e c t  on the  creep behavior. 
This is c l e a r  ind ica t ion  t h a t  i n t e r s t i t i a l  element pick-up during the t e s t  
has an important e f fec t .  In a l l o y s  containing reac t ive  elements, the creep 
s t reng th  is usual ly  decreased when the vacuum is improved (132). 

However, many 

Fatigue 

Relat ively  l i t t l e  f a t i g u e  da ta  a r e  ava i l ab le  f o r  niobium. E n r i e t t o  
S i n c l a i r  and Wert (108) s tud ied  niobium containing d i f f e r e n t  l e v e l s  of 
oxygen, (0.001%, 0.02%, 0.43%). A t  temperatures below 500 C, t he  fa t igue  

l i m i t  increased with oxygen content and the fa t igue  l i m i t  a t  10 cycles  f o r  
t h e  three  oxygen contents shown i n  Figure 24. 

7 

Chung and Stoloff  (138) found t h a t  hydrogen had a s i g n i f i c a n t  e f f e c t  on 
t h e  room temperature f a t i g u e  behavior of niobium under both low frequency 
s t r a i n  control  and high frequency s t r e s s  con t ro l  test conditions. I n  the  
l a t t e r ,  hydrogen had a b e n e f i c i a l  inf luence on the  fa t igue  l i f e  but i n  low 
frequency tests increasing hydrogen decreased the fa t igue  l i f e .  The authors 
a l s o  observed tha t  crack i n i t i a t i o n  occupied mst of the  f a t i g u e  l i f e  of 
hydrogenated niobium and t h a t  estimated crack growth rates were increased 
s ignf ican t ly  when hydrogen was present.  
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Figure 24. Fat igue limit of niobium VS. test tempera- 
t u r e  f o r  various oxygen contents (108). 
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There have been few s t u d i e s  of the  f a t i g u e  of niobium a l l o y s .  Begley 
(139),  us ing f l e x u r a l  tests found t h a t  i n  Nb-1 Z r  a l l o y ,  t he  endurance l i m i t  

- 

of 0.050 
i a l s  and 
annealed 

-7 mm shee t  at 10 cyc le s  was 172 and 200 MPa f o r  cold-worked mater- 
193 and 214 MPa f o r  annealed material. Tension - t ens ion  tests of 
0.1 cm shee t  of t he  a l l o y  D31 (Nb-1OTa-1OTi) ind ica t ed  tha t  an  

6 endurance l i m i t  of 10 cyc le s  would be 400 MPa a t  room temperature and 92 MPa 
a t  1260 C. S imi l a r  r e s u l t s  were found in room temperature tests on 0.051 cm 
shee t  t e s t e d  i n  reversed bending (140). The notched f a t i g u e  behavior of 
0.046 cm shee t  of t he  Cb-752 and D43 was i n v e s t i g a t e d  at  room temperature 
us ing tens ion- tension tests and a stress concen t ra t ion  f a c t o r  of 4. The 

r e s u l t s  i nd ica t ed  t h a t  f o r  10 cyc le s ,  t he  endurance l i m i t  would be 150 MPa 
f o r  Cb-752 and 130 MPa f o r  D43. 

7 

Summary 

The mechanical p r o p e r t i e s  of p o l y c r y s t a l l i n e  niobium and niobium base 
a l l o y s  have received considerable  a t t e n t i o n .  The main f e a t u r e s  of t he  
response t o  app l i ed  loads have been e s t ab l i shed .  A t  low temperatures where 
the  s t r e n g t h  inc reases  r ap id ly  with decreas ing temperature,  b r i t t l e  behavior 
is encountered and f o r  pure niobium and most a l l o y  compositions of i n t e r e s t  
t h e  DBTT given by impact tests is below room temperature.  A t  in termedia te  
temperatures the  s t r e n g t h  changes s l i g h t l y  wi th  temperature and is determined 
by the  normal m e t a l l u r g i c a l  va r i ab le s  such as g r a i n  s i z e ,  deformation sub- 
s t r u c t u r e ,  i n t e r s t i t i a l  impurity l e v e l s ,  and composition. The a v a i l a b l e  d a t a  
suggest t h a t  a cell s t r u c t u r e  is formed a t  high l e v e l s  of deformation i n  both 
niobium and i t s  a l l o y s  and t h a t  the  cell  w a l l s  are weak boundaries t o  s l i p .  
In pure niobium t h e  s t r e n g t h  decreases  a t  > 650 C due t o  the onset  of recovery 
and r e c r y s t a l l i z a t i o n  processes.  A very considerable  i n c r e a s e  in s t r e n g t h  
may be achieved by a l l o y i n g ,  both through the  a d d i t i o n  of s o l i d  s o l u t i o n  
s t r eng thene r s  and/or f i n e l y  divided second phase p a r t i c l e s .  The a l l o y  addi- 
t i o n s  a l s o  inc rease  the  r e c r y s t a l l i z a t i o n  temperature and the  s t r e n g t h  is 
re t a ined  u n t i l  h igher  temperatures.  However, t h e  s t r eng then ing  is only 
e f f e c t i v e  up t o  1400-1600 C and high s t r e n g t h  at  lower temperatures is only 
gained a t  the  expense of d u c t i l i t y .  

A t  high temperatures ,  creep processes  become t h e  major concern and these  
have been very widely s tud ied  in both pure niobium and niobium base a l l o y s  a t  
temperatures >0.5T . The creep c h a r a c t e r i s t i c s  are very s e n s i t i v e  t o  test 

vacuum and i n t e r s t i t i a l  impuri ty  l eve l s .  The creep behavior of pure niobium 
follows t h e  c l a s s i c a l  p a t t e r n  of primary, secondary and t e r t i a r y  creep, t he  
presence of each s t a g e  being determined by temperature and stress l eve l s .  
Both s o l i d  s o l u t i o n  s t r eng thene r s  and second phase p a r t i c l e s  l ead  t o  g r e a t l y  
enhanced creep s t r e n g t h s  (>.5T 1, t he  elements tungsten and molybdenum and m 
second phase p a r t i c l e s  of zirconium ca rb ide  are p a r t i c u l a r l y  e f f e c t i v e .  The 
measured a c t i v a t i o n  energy f o r  s t eady- s ta t e  creep in pure niobium i n  t h i s  
temperature range is usua l ly  c lose  t o  the  s e l f- d i f f u s i o n  energy although 
considerable  v a r i a t i o n  is observed which may p a r t l y  be due t o  s u b s t i t u t i o n a l  
s t r a i n  ageing e f f e c t s .  

m 

A r e c u r r e n t  theme throughout t h i s  review of the  mechanical p rope r t i e s  is 
t he  very important r o l e  played by i n t e r s t i t i a l  i m p u r i t i e s  i n  determining the  
mechanical response of both niobium and niobium base a l loys .  V i r t u a l l y  every 
aspect  of behavior is inf luenced by the  presence of carbon, oxygen, n i t rogen  
and hydrogen. This is b e t t e r  e s t a b l i s h e d  i n  niobium than i n  the niobium base 
a l loys  and the  d a t a  reviewed i n  the  s e c t i o n s  "Composition of Niobium and 
Niobium Base Alloys' '  through "Fatigue" are summarized in Table XXII. Perhaps 
t h e  most important p r a c t i c a l  cons ide ra t ion  is t he  loss of d u c t i l i t y  which may 
r e s u l t  from high l e v e l s  of t hese  impur i t i e s ,  both a t  low and in termedia te  
temperatures. 
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Table XXII. Influence of Interstitial impurities on 
metallurgical processes in pure niobium. 

Metallurgical 
Property 

Substructure formed under 
deformation 

Recovery 

Recrystallization 

Mode of Fracture 

Ductile-Brittle-Transition 

Slow strain-rate 
embri t t lement 

Short-time tensile tests 

Creep Properties 

Fatigue 

Influence of Interstitial Impurities 

Some evidence that cell formation affected by 
interstitial impurities 

No strong evidence in the literature but some 
dependence likely 

Recrystallization temperature increased by 
presence of interstitials. No information on 
the effectof specific interstitial impurities 

Sensitive to location of interstitial impurities 

DBTT increased significantly by oxygen and 
nitrogen. Nitrogen causes larger increase than 
oxygen (per wppm). 

Ductile-brittle-ductile behavior observed at 
levels below the solubility limit. Oxygen 
embrittlement at 335-725 C. Hydrogen embrittle- 
ment at <O°C. No detailed work on nitrogen. 

Interstitial impurities give rise to: 
- Yield point phenomena 
- Dynamic strain ageing; oxygen 200-350 C 

- Solution hardening. Nitrogen more effective 
Carbon 400 C, Nitrogen 450-600 C 

than oxygen at 20 C. 

Oxygen and carbon give rise to creep strength- 
ening. Some disagreement in the literature 
on the exact effect of oxygen. 

No detailed information on nitrogen. 

Very limited data - Oxygen strongly influences 
fatigue. behavior at 250-500 C. 

The data reviewed illustrate that the changes in the mechanical proper- 
ties of niobium by alloying have been very well established for the Group 
IVA, VA, VIA elements and it may be convenient to summarize the main effect 
of each element. The Group Va and VIA elements are considered in Table 
XXIII. Those elements which improve the short-time tensile properties do not 
necessarily give good high temperature creep strength; as exemplified by the 
behavior of vanadium. Of the elements considered, tungsten is the most 
potent creep strengthener while vanadium is the most effective element for 
producing alloys with good high temperature tensile properties. The Group 
IVA elements are best considered through their formation of second phase 
particles. Table XXIV lists the advantages and disadvantages of the carbides 
and nitrides formed by the reactive elements zirconium and hafnium. Carbides 
have been successfully employed in the development of high strength alloys 

279 



Ele- 
ment - 

W 

Mo 

V N 
03 
0 

Ta 

Short-time High Temperature 
Tensile Properties Creep Properties Temperature 

Not as good as Mo or V Most potent creep All Increased 
strengthener 

Most effective at temp- Limited strength- All Increased 
eratures <1100 C. ening 

Most effective of all Rapid diffuser in Nb Little effect in 
Group VA and VI Elements -Not particularly comparison to Mo 
for improving high temp. effective for high or V 
tensile properties temperature creep 

properties 

Little effect 

Cr Limited solubility but 
at concentrations below 
solubility limit quite 
an effective strengthener 

Some strengthening Little effect 
at > 10 atomic percent 

Low Temperature 
Ductility 

Lowered-Degrades 
fabricability 

Lowered 

Little effect in 
comparison to Mo 
or W 

Other Comments 

Density and melting point 
Increased 

Density Increased 

Most useful for low 
density alloys for medium 
temperature applications 

Considered to be non- 
strengthening although it 
increases alloy melting 
point and density 

Tendency towards 
embrittlement-limited to 
< 3 percent 
Improves Oxidation 
resistance 



React ive  
Metal 

(Zr ,  Hf) Advantages Disadvantages 

Produce high short- term and 
long-term s t rengthening 
General ly  good thermal 
s t a b i l i t y  up t o  1200-1300 C 

CARBIDES' Thermo-mechanical t rea tments  
may be used t o  optimise carbide  
s t r u c t u r e .  

High thermodynamic s t a b i l i t y  
- Ni t r ides  s t a b l e  up t o  1600- 
1700 C. 

NITRIDES' Thermo-mechanical t rea tments  
g ive  l i t t l e  con t ro l  of 
n i t r i d e  d i s t r i b u t i o n .  

OXIDES 

Table XXIV. Summary of e f f e c t  of d i f f e r e n t  Second - phase s t r eng thene r s .  

1 See ref .  (100) f o r  a review of the  d i spe r s ion  hardening by ca rb ides  and n i t r i d e s .  

Zirconium conta ining a l l o y s  
may be s t rengthened by 
i n t e r n a l  oxidat ion.  
Finely  divided p r e c i p i t a t e s  a t  
< .O$ 

Lead t o  low room temperature 
d u c t i l i t y .  
A t  >I300 C carbide  coalesence 
and loss of s t r e n g t h  occurs 

High volume f r a c t i o n s  required 
t o  achieve high s t r eng th .  
Cannot be achieved without 
exceeding s o l u b i l i t y  limit at  
Melting Point.  
( N i t r i d e  formed on s o l i d i f i c a-  
t i o n  are f a i r l y  uniformly dis-  
t r i b u t e d  and wi th  s i z e s  
t h a t  lead t o  s t r eng then ing) .  

D i f f i c u l t  t o  con t ro l  p a r t i c l e  
s i z e  at  high oxygen 
concentra t ions .  A t  l e v e l s  
required f o r  appreciable  
s t r eng then ing  coarse  oxides 
formed which reduce 
d u c t i l i t y .  

Other Comments 

Most widely s tud ied  of the 
t h r e e  articles optimum l e v e l s .  
0.1-0.35 we. % f o r  Nb-Zr-C with 
atomic r a t i o s  of Z r / C  between 
a and 2. 
0.1-0.15 wt.  % f o r  a l l o y s  a l s o  
conta ining W, Mo or V. 
Levels above t h i s  lead to  coarse  
g r a i n  boundary p r e c i p i t a t e s  and 
l o s s  of d u c t i l i t y .  

Most ex tens ive ly  s tud ied  i n  Nb- 
Zr-N. Although some s t u d i e s  of 
HFN 
Optimum s t r e n g t h s  with 3.5 vol. % 
o f  n i t r i d e  and Z r f N  (-1.6-1.7 
atomic r a t i o ) .  
- 3  mol. % of HF gave good 
s t r e n g t h  p rope r t i e s .  

Not as success fu l  as n i t r i d e s  or  
ca rb ides ,  l a r g e l y  through 
d i f f i c u l t y  of c o n t r o l l i n g  
par t ic le .  s i ze .  



responsive to thermo-mechanical behavior. Alloys with the optimum volume 
fraction of nitrides have been developed in the USSR (but the higher thermo- 
dynamic stability of the nitrides is offset by the difficulty of obtaining a 
suitable distribution). Finally, appreciable strengthening has not been 
achieved by distributions of oxide particles because of the difficulty of 
obtaining suitable distributions. 

Irradiation Behavior of Niobium and Niobium Base Alloys 

Introduction 

A wide diversity of irradiation produced phenomena have been studied 
ranging from fundamental aspects of behavior to the investigation of problems 
associated with the application of niobium as a structural material for in- 
reactor core components. It is difficult i n  reviewing such a range of topics 
to identify a unifying theme but the aim will be to describe typical behavior 
and demonstrate that in many processes the interstitial impurities again play 
an important role. The organization and content of this part of the review 
is as follows. Firstly, the interaction of fast neutrons with niobium will 
be described since this is central to the use of niobium i n  a reactor environ- 
ment, The second section is concerned with properties of the irradiation 
produced point defects. This is followed by a discussion of the surface 
erosion caused by ion and neutron bombardment which has received considerable 
interest in the literature since the emergence of niobium in the early 1970's 
as a candidate material for the first wall of a fusion reactor. Finally, the 
development will be reviewed of the irradiation produced microstructure 
created by fast particle irradiation and the effect this has on the mechani- 
cal properties. It will become apparent that most of the attention in this 
general area has been focused on pure niobium with relatively little interest 
in niobium-base alloys other than niobium zirconium alloys. 

Neutron interactions with niobium 

Introduction. When a metal is irradiated with a flux of fast neutrons, 
the neutrons lose energy through interacting with the atoms of the solid. 
The principal sources of radiation damage to the solid are the displacement 
of atoms from their lattice sites and the introduction of foreign atoms 
through transmutation reactions. The other important considerations to the 
application of materials in a reactor core are the absorption of the incident 
neutrons and the radioactivity induced in the solid from continuous exposure 
to the neutron flux. All these processes are strongly dependent on the 
neutron energy spectrum and the atomic composition of the solid. These 
neutron interactions with niobium are discussed below. 

A precursor to this discussion is to detail the principal sources of 
neutrons of interest at the present time. Fission reactors fall into two 
categories, thermal and fast. In both reactor designs, the neutrons are 
created in the splitting of a fissile atom, such as uranium-235. In thermal 
reactors, the neutrons are moderated by a suitable material such as graphite 
or heavy water and their energies extend from several MeV down to thermal 
energies. In fast reactors, there is no moderator and as a result, the 
neutron energy spectrum is peaked at higher energies than in a thermal 
reactor. In the proposed fusion reactors, the neutrons are generated by the 
fusion of the isotopes of hydrogen with an energy 14.1 MeV. This is a 
considerably higher energy than the neutron energies typical of fission 
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reactors. The great interest in fusion neutron interactions and the lack of 
suitable neutron sources had lead to the development of accelerator based 
devices, e.g. RTNSII, where low fluxes of these high energy neutrons are 
produced. The characterisitics of the neutron energy spectrum in representa- 
tive fission and fusion sources are given in Table XXV and are discussed 
below. 

Fast neutron-lattice atom collisions. Frequently in fast neutron lattice 
atom collisions, the energy imparted to the recoiling lattice atom is suffi- 
cient to displace it from its lattice site, creating a Frenkel defect, i.e. a 
vacancy (empty lattice site) and an interstitial (an atom occupying a non- 
lattice site). Thus a most important consideration when a metal is irradi- 
ated with a flux of fast neutrons is the evaluation of the number of dis- 
placed atoms. This is dependent on the number of lattice atom-fast neutron 
collisions, the energy spectra of the recoiling lattice atoms, and the energy 
required to displace a lattice atom. This displacement energy is dependent 
on the direction the recoiling atom moves in relation to the crystal axes; in 
niobium, Lucusson (144) gives the minimum energy required to displace an atom 
as 36 eV and the average energy as 78 eV. The cross-section for neutron 
collisions and the energy spectra of the recoiling atoms can be evaluated 
using the damage models which compute the primary recoil spectrum for any 
desired neutron energy spectrum from the energy dependent neutron cross- 
sections. In Tables XXVI to XXVIII presents the characteristics of the 
energy spectra of recoiling atoms and the displacement damage produced in 
niobium by different sources of fission and fusion neutrons calculated using 
the code RECOIL (145). The neutrons in the fission neutron spectra are of a 
considerably lower energy than those from fusion devices, particularly with 
respect to the fraction of neutrons with energies above lOMeV (see Table 
XXV). 
ly from neutron source to source and are always in the range 4-7.5 barns 
(Table XXVI). However, the recoil energy distribution is very dependent on 
the neutron energy spectrum (Table XXVI). 
neutrons arise primarily from elastic reactions where the kinetic energy is 
conserved, and are peaked at energies below 1keV. In contrast, the majority 
of the recoils created by fusion neutrons arise from inelastic and non- 
elastic recoils particularly in 2n where the struck atom is left in an 
excited state and decays emitting a particle or gamma ray. These recoils are 
frequently above 60-100keV and this results in a recoil spectrum with far 
more high energy recoils than created by fission neutrons. The highest 
energy recoils created in each source are particularly effective at creating 
displacement damage (Table XXVII). For example, only 2.4 percent of the 
recoils in a fast reactor are above 30keV but they are responsible for 20 
percent of the damage. The neutrons produced by fusion reactors are consid- 
erably more damaging than the neutrons produced in fission reactions (Table 
XXVIII). At the fluxes typical of each source (Table XXVIII), it can be seen 
that the times taken whereby each atom in the lattice has been displaced once 
(i.e. 1 dpa) are quite short particularly in the case of the fast reactor and 
CCTRII. The microstructures developed under such high doses will be reviewed 
in the section "High-dose Irradiations". 

The total cross-sections for producing a recoil do not vary appreciab- 

The recoils created by fission 

Transmutation products. A second important aspect of neutron irradiation 
is the transmutation products created in the. non-elastic collisions. The 
most important transmutation products are the gaseous impurities, hydrogen 
and helium, which affect the properties of the metal even at low concentra- 
tions. In Table XXIX, the gas generation for niobium in typical fast and 
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Table XXV. Characteristics of the Energy Spectra of 
Different Neutron Spectra 

(1) ( 2 )  ( 3 )  ( 4 )  
CCTR I1 RTNS 11 Fast Reactor Thermal Reactor -- 

>10 MeV 23.8 % 100.0% 0.01% 0.01% 
>1.0 Mev 43.5 % 100.0% 11.9 % 6.7 % 
>0.1 MeV 73.7 % 100.0% 57.3 % 17.9 % 

Energy (Mev) 4.11% 14.0% 0.45% 0.23% 
Average Neutron 

(1) First Wall of Culham Conceptual Tokamak Reactor (Fusion neutrons) 
( 2 )  Rotating target neutron source; D-T neutrons (-14MeV) (Fusion 

( 3 )  FD5 fast reactor spectrum ’Fission neutrons) 
( 4 )  

neutrons). 

In hollow fuel element i n  PLUTO materials testing reactor (Fission 
neutrons). 

Table XXVI. Characteristics of recoil spectra for Nb irradiated in 
different fast neutron sources 

Percentage of recoils E 

( 4 )  Energy, E cc”R II(I) RTNS 11 Fast ( 3 )  Thermal ( 2 )  
Recoil 

(keV) Reactor Reactor 

0.1 92.0 
1.0 70.3 
5.0 42.0 
10.0 28.3 
30.0 13.0 
60.0 9.4 
100.0 7.0 
200.0 2.4 
500.0 0.14 

Total cross-section for 6.41 
creating a recoil (barns) 

99.6 
96.4 
84.8 
73.4 
52.5 
47.8 
42.6 
18.7 
1.1 
3.98 

90.3 
62.2 
26.9 
12.5 

2.4 
0.8 
0.1 

7.67 

48.7 
33.0 

8.1 
4.8 
1.6 
0.5 
0.1 

6.88 

Table XXVII. Percentage of displacement damage produced 
by recoils with energy > E*. 

Percentage of displacements created 
Recoil by recoils with energy > E 

Energy, E 
(keV) CCTR I1 RTNS I1 Fast Reactor Thermal Reactor -- 
0.1 99.9 100 99.9 
1 .o 99.2 100 96.3 
5.0 94.6 99.4 74.1 
10.0 88.9 98.2 53.0 
30.0 75.1 93.5 22.2 
60.0 67.1 91.5 8.9 

100.0 54.5 87.2 2.3 
200.0 25.0 38.4 
500.0 0.8 

* Calculated assuming displacement energy = 40eV. 

99.8 
94.3 
72.1 
60.8 
35.7 
16.2 
4.5 
0.4 
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Table XXVIII. Density of damage produced i n  t h e  f o u r  d i f f e r e n t  sources .  

Source CCTR I1 RTNS I1 Reactor Reactor 

Displacements per  atom 
f o r  a f l u x  of one 9.4 25.3 2.9 1.2 

neutron m-2 x 10 

Time required at t y p i c a l  ,(a> 6(b )  ,(c) 7(d) 
f l u x  l e v e l s  t o  produce 8.9 x 10 9.9 x 10 2.3 x 10 1.1 x 10 
1 dpa ( sec )  (10.3 days) (114.5 days) (2.7 days)  (127.3 days) 

26 

( c )  1.5 x l(e2 n/u?/sec 19 ( a )  1.2 x 10 n / l a / s e c  

(b) 4 x 1017n/&/sec  (d )  7.5 x 10l8n/m?/sec 

Table XXIX. Rates of product ion of displacements and 
Helium and Hydrogen i n  f a s t  and fus ion  r e a c t o r s .  

Displacement Gas Production rate Gas Production rate Displacement 

damage dpa/s appm/s. ( x  appm/s. ( x  damage dpa/s 

H (x  - H e  - H - He lo-’ - 
A1 
Fe 
C r  
N i  
Mn 
Nb 
V 
T i  

( a )  
(b )  
(C) 

23.8 

11.4 
11.0 
11.8 

12.4 
14.9 

9.93 

7.51 

7.4 
2.8 
1.3 

29.7 
1.4 
0.69 
0.40 
1.7 

24.0 
35.3 
11.7 

424.0 
10.5 
4.1 
7.3 
2.7 

112 
51.1 
79.7 

69 
34.9 

9.83 
17.0 
49.3 

104 
153 
135 
80 1 
250 

85.5 
144 
100 

4.63 
51.1 
79.7 
69.0 
34.9 

17.0 
49.3 

9.83 

Neutron w a l l  loading = lMW/u? 
Data from Gabr ie l ,  Biship  and Wiffen, Nucl. Technol. 1978, 2, 427. 
Data from J a r v i s  (143).  
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f u s i o n  r e a c t o r s  is compared t o  the  major c o n s t i t u e n t s  of o t h e r  s t r u c t u r a l  
materials; both t h e  helium and hydrogen production are lower i n  niobium than 
t h e  o the r  materials. The helium production i s  higher  i n  t h e  fus ion  r e a c t o r  
because the  ( n a )  cross- sect ion i s  high f o r  t h e  14MeV neutrons  which are a 
major component of t he  fus ion  neutron spectrum ( see  Table XXV). 

The primary s o l i d  t ransmutat ion product of niobium i s  zirconium, J a r v i s  
(143) ca l cu la t ed  t h a t  i n  the  f i r s t  w a l l  of a fus ion  r e a c t o r  wi th  a w a l l  
l oad ing  of 1.25MW-yr/& the  zirconium content  of Nb-1Zr would inc rease  t o  5.3 
percent  a f t e r  37 .5m-yr I3 .  

Neutron absorpt ion.  An important cons ide ra t ion  f o r  the use  of any metal 
i n  a r eac to r  core is  i t s  abso rp t ion  of neutrons.  I n  t h e  f a s t  r e a c t o r ,  f o r  
example, the  abso rp t ion  of lOOkeV neutrons must be low as t h e s e  neutrons are 
important f o r  t h e  breeding of plutonium; an abso rp t ion  cross- sect ion of about 
10 mb i s  considered acceptable .  Table XXX conta ins  the cross- sect ions  f o r  
va r ious  a l l o y  elements (146) and it  can be seen t h a t  a l though Nb has a lower 
cross- sect ion than  tungsten o r  tantalum, i t  is f a r  h igher  than t h e  elements 
contained i n  a u s t e n i t i c  steels (Fe,  N i  and Cr). This  unacceptably high 
cross- sect ion is one f a c t o r  which precludes  niobium from use i n  the  core 
s t r u c t u r e  of commercial f a s t  r eac to r s .  

Thermal neutron cross- sect ions  are a l s o  presented i n  Table XXX and it is 
clear t h a t  niobium has a low cross- sect ion i n  comparison wi th  the  o the r  
elements l i s t e d .  Indeed only aluminium, berylium, magnesium, and zirconium 
have lower values f o r  t h i s  parameter. The low value f o r  zirconium has l ead  
t o  the  development of zirconium base a l l o y s  f o r  use  i n  thermal r eac to r s .  

Induced Rad ioac t iv i ty .  The rate at which t h e  r a d i o a c t i v i t y  induced i n  a 
s t r u c t u r a l  material decays has  become an important parameter i n  the  s e l e c t i o n  
of candidate materials f o r  the  f i r s t  w a l l  of fus ion  r eac to r s .  I n  Figure  25 
t h e  decay of the  induced r a d i o a c t i v i t y  i s  compared f o r  d i f f e r e n t  a l l o y s  
i r r a d i a t e d  f o r  two years  at 1.25MW/& i n  C C T R I I  (143). The decay times f o r  
Nb-1Zr are comparable wi th  the  o the r  m a t e r i a l s  over t h e  s h o r t  term (,< 10 

y e a r s ) ,  but t h e  a c t i v i t y  of 94Nb gives  an unacceptably high l e v e l  of a c t i v i t y  
over the long t e r m .  This  is a major b a r r i e r  t o  the  use  of niobium as a 
containment material i n  a fus ion  r e a c t o r  s ince  i t  precludes  easy handl ing 
a f t e r  shutdown and raises problems f o r  the even tua l  r ep rocess ing  of a c t i v a t e d  
material. 

Table XXX. Absorption Cross-Sections f o r  Metals and Al loy Elements (146).  

Metal o r  a l l o y  u (100 keV) Thermal neutron 
e 1 emen t ny (mb) c ross- sec t ion  (barns)  

A 1  
Fe 
C r  
Ni 
Z r  
Mn 
Mo 
Nb 
W 
Ta  
Hf 

4 
6.1 
6.8 

12.6 
15.1 
25.6 
71.0 

100.0 
178.0 
325.0 - 

0.232 ? 

3.1 f 
4.51 f 
0.182 f 

13.3 f 

1.15 C 
18.5 f 

22 ? 
103 f 

2.56 f 

2.65 

0.003 
0.05 
0.2 
0.1 
0.005 
0.1 
0.05 
0.05 
0.5 
1 
3 
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Time after  shutdown 1secs.l 

Figure 25. Decay of induced radioactivity for the 
CCTR I1 breeding blanket ( 1 4 3 ) .  



Proper t i e s  of Point  Defects  Generated by I r r a d i a t i o n  

Point defect  formation and migrat ion ene rg ie s  are p a r t i c u l a r l y  important 
i n  determining the i r r a d i a t i o n  response of any metal. I n  niobium these  
ene rg ie s  are not exper imenta l ly  w e l l  e s t ab l i shed  but t h e r e  is informat ion on 
t h e  temperatures a t  which the point  de fec t s  are ab le  t o  undergo long-range 
migration. This has been obta ined pr imar i ly  from electrical  r e s i s t i v i t y  
measurements of the  recovery of specimens i r r a d i a t e d  at  low temperatures and 
subjected to  i sochronal  anneals.  

In niobium and o the r  Group VA metals, the  recovery s t ages  have been found 
t o  be extremely s e n s i t i v e  t o  impurity content  (147). However, i n  u l t r a-  
pure material Fuss and Schul tz  (148) have r ecen t ly  presented evidence t h a t  
i n t e r s t i t i a l  po in t  d e f e c t s  c rea t ed  by 3.5MeV e lec t rons  at  4.5K are a l r eady  
mobile at 4.5 K, and the  authors  note  t h a t  a l l  the  Group VA metals show 
ind ica t ions  f o r  long-range migrat ion of point  de fec t s  at or  below 4 K. The 
temperature at which vacancy po in t  d e f e c t s  undergo long-range migrat ion 
appears t o  be unce r t a in ,  although Faber and Schultz (149) i n  u l t ra- high 
p u r i t y  niobium found a recovery s t a g e  a t  250 K, which was suppressed by the  
presence of i n t e r s t i t i a l  impur i t i e s  and had the  expected p r o p e r t i e s  of an 
i n t r i n s i c  Stage 111 (2nd orde r  k i n e t i c s ) .  I n  many f c c  and bcc metals, t h i s  
s t a g e  is thought t o  be due t o  s i n g l e  vacancy migration and the  a n n i h i l a t i o n  
of i n t e r s t i t i a l  c l u s t e r s .  However, Seeger and co-workers (149) have proposed 
an a l t e r n a t i v e  model f o r  Stage 111 based on two conf igu ra t ions  f o r  the  
i n t e r s t i t i a l s  one of which is mobile i n  Stage 111 and one at lower tempera- 
tu res .  

The s e n s i t i v i t y  of the  anneal ing s t a g e s  i n  i r r a d i a t e d  niobium t o  the  
presence of small concentra t ions  of i n t e r s t i t i a l  impur i t i e s  suggest  t h a t  
t h e r e  are s t rong  i n t e r a c t i o n s  between these  impur i t i e s  and point  de fec t s .  
Table XXXI taken from K a i m  summarizes information on t he  break-up of impurity 
point  defect  complexes and the f r e e  migrat ion of the  impurity (147). The 

Table XXXI. Break-up of impuri ty  po in t  d e f e c t  complexes. 

Impurity dependent Stages due 
s t a g e s  t o  f r e e  migrat ion 

References (break-up of complexes) of t h e  impuri ty  

(150) (151) (152) 
Faber _et a1 58K 0 and N 450K - 0 
3MeV e 390K 0 and N 540K - N 
i r r a d i a t i o n  at 4 K 

Donitz et a1 (153) 62K 0 and N >250K - 0 and N 
Vavra et  a1 (154) 135K - Espec ia l ly  N 
Neutron - i r r a d i a t i o n  
a t  4.6 - 7 K 

Pichon et a 1  (155) 215K - 0 
Elec t ron- i r r ad ia t ion  
a t  20.4 K 

( 0 , N  doped samples) 

Diehl (156) 60-70K - N 
Neutron- irradia t ion 

Brown e t  a1 (157) 
Neutron- irradia t ion at  18 K 
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s t a g e s  found a t  o r  below 150K are thought t o  be due t o  the  break-up of 
i m p u r i t y- i n t e r s t i t i a l  point  de fec t  complexes, whi le  those  giving rise t o  
s t a g e s  above-  250 K are due t o  the  break-up of complexes formed by impurity 
and the Stage 111 defect .  

Point  de fec t  m o b i l i t i e s  are one of t h e  parameters which con t ro l  t h e  
d e f e c t  mic ros t ruc tu res  developed under i r r a d i a t i o n .  It is  clear from the 
r e s u l t s  g iven above t h a t  i r r a d i a t i o n  by displacement producing f a s t  p a r t i c l e s  
a t  temperatures >4 K w i l l  produce s e l f - i n t e r s t i t i a l  atoms which are mobile 
and a b l e  t o  i n t e r a c t  wi th  p re- ex i s t ing  d i s l o c a t i o n s  o r  c l u s t e r  t o  form 
in te r s t i t i a l  loops and/or i n t e r s t i t i a l  po in t  de fec t  impurity complexes. 
Although the temperature a t  which vacancies  undergo long range migrat ion i s  
unce r t a in ,  i t  is l i k e l y  t h a t  they w i l l  be mobile a t  the  e l eva ted  temperatures 
of i n t e r e s t  i n  r e a c t o r  a p p l i c a t i o n s ,  and thus  a complex mic ros t ruc tu re  w i l l  
be created by the  po in t  d e f e c t s  generated i n  t h e  i r r a d i a t i o n .  This is 
discussed i n  d e t a i l  i n  the  s e c t i o n  "Development of t he  I r r a d i a t i o n  Induced 
Micros t ructures"  . 
Surface E f f e c t s  

A t t en t ion  i n  t h i s  area has concentra ted  on the  e ros ion  of the  su r face  by 
e n e r g e t i c  f a s t  p a r t i c l e s .  The major mechanisms whereby t h i s  occurs are by 
the phys ica l  s p u t t e r i n g  of su r face  atoms due t o  the  impact of e n e r g e t i c  
p a r t i c l e s  o r  by b l i s t e r i n g  which occurs when h igh  concentra t ions  of gas atoms 
implanted below the  su r face  cause the  s u r f a c e  s k i n  t o  b l i s t e r  and erode. The 
requirements f o r  da t a  on the  probable plasma: su r face  i n t e r a c t i o n s  i n  fus ion  
devices  has  l e d  t o  considerable  i n t e r e s t  i n  the  su r face  e ros ion  of pure 
niobium. (For a review of su r face  e f f e c t s  i n  con t ro l l ed  thermonuclear 
fus ion ,  see re fe rence  215). 

Sput ter ing.  The number of s p u t t e r e d  atoms is  p ropor t iona l  t o  the  number, 
energy, mass and angle  of incidence of the incoming p a r t i c l e s .  In a discuss-  
i o n  of a phys ica l  s p u t t e r i n g  model f o r  f u s i o n  r e a c t o r  f i r s t- w a l l  materials, 
Smith (158) presented the  d a t a  a v a i l a b l e  (1978) f o r  heavy and l i g h t  ion 
s p u t t e r i n g  of niobium; these  d a t a  are given i n  Figure  26. The observed 

s p u t t e r i n g  y i e l d  inc reases  with energy f o r  heavy-ions (Ar 

values  between and 10. The s p u t t e r i n g  y i e l d s  f o r  l i gh t- ions  are lower 
than  f o r  heavy-ions and show a more complex energy dependence with a maximum 
at-2.5keV. The ca l cu la t ed  curves are taken from the  semi- empirical  phys ica l  
s p u t t e r i n g  theory developed by Smith, where t h e  gene ra l  shapes of t he  curves 
are based on t h e o r e t i c a l  cons ide ra t ions  but t he  magnitudes of the  y i e l d s  are 
determined p r imar i ly  from exper imenta l  data .  They give  a reasonable  agree- 
ment wi th  the  experimental  data .  

+ and Nb') wi th  

The phys ica l  s p u t t e r i n g  of niobium by e n e r g e t i c  fus ion  neutrons (14.1MeV) 
has  a l s o  been repor ted .  The repor ted  y i e l d s  (159) are considerably  lower 
than the s p u t t e r i n g  y i e l d s  f o r  ions.  Typ ica l  values  are i n  the  region 

t o  atoms s p u t t e r e d  per inc iden t  14MeV neutron which is i n  agreement wi th  
t h e o r e t i c a l  p red ic t ions .  In a d d i t i o n  t o  s p u t t e r e d  atoms, Kaminsky and co- 
workers (160-163) repor ted  t h a t  depending on sample p repa ra t ion ,  chunks of 
niobium were emit ted  a f t e r  14MeV neutron i r r a d i a t i o n ;  t y p i c a l  chunk dimen- 
s i o n s  w e r e  O. l -%m and they formed the  major p a r t  of t he  material removed 
from t h e  s u r f a c e  dimensions. The number of chunks emit ted  is repor ted  t o  be 
g r e a t e r  in cold- rol led  Nb than i n  annealed Nb while  no chunk emission was 
found i n  s i n g l e  c r y s t a l  niobium. Some controversy  s t i l l  e x i s t s  regarding 
both t h e  mechanism and condi t ions  under which chunks are observed. For a 
d e t a i l e d  d i scuss ion  of chunk emission and neutron s p u t t e r i n g ,  see Behrisch 
(159). 
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Figure 26. Plot of experimental sputtering data and 
comparison with calculated energy-dependent 
physical sputter-yield curves (158). 
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Bl i s t e r ing .  The processes  leading up t o  b l i s t e r  format ion are envisaged 
t o  be as follows. When a metal is implanted with e n e r g e t i c  gas ions ,  the  
ions  w i l l  l o s e  energy i n  the  c r e a t i o n  of la t t ice  d e f e c t s  and come t o  rest i n  
a narrow region near  the end of t h i s  range. I f  t he  implanted gas atoms have 
a low permeabi l i ty  i n  the  s o l i d  they w i l l  combine wi th  vacancies  and form 
bubbles; as t h e  dose inc reases ,  t he  bubble dens i ty  w i l l  i n c r e a s e ,  and bubbles 
w i l l  in terconnect  and grow t o  l a r g e  diameters.  Eventual ly ,  t h e  stresses set 
up by t h i s  popula t ion of bubbles w i l l  cause b l i s t e r s  t o  form on the  su r face ,  
and the  pee l ing  of the  b l i s t e r  s k i n  w i l l  cause eros ion.  

B l i s t e r i n g  i n  pure niobium c rea ted  by implanting the i s o t o p e s  of hydro- 
gen and helium has  been s tud ied  ex tens ive ly  (164-180). The dependence of the  
s i z e ,  shape and dens i ty  of t he  b l i s t e r s  on the  p r i n c i p l e  experimental  para- 
meters has been e s t a b l i s h e d  and r ep resen ta t ive  r e s u l t s  are presented i n  Table 
XXXII f o r  monoenergetic i r r a d i a t i o n s .  A comprehensive b l i s t e r i n g  theory does 
not  e x i s t  a t  p resen t  and thus a q u a l i t a t i v e  d i scuss ion  of these  r e s u l t s  has 
only been presented i n  the  l i t e r a t u r e .  

Studies  of b l i s t e r i n g  of niobium have been p a r t i c u l a r l y  u s e f u l  i n  e luc i-  
da t ing  the  mechanisms under lying t h i s  phenomenum. Kaminsky and co-workers 

(175) have demonstrated from examining b l i s t e r s  c rea t ed  i n  niobium by H e  
i o n s  with ene rg ie s  i n  t h e  range 500-1500keV, t h a t  t he  average s k i n  b l i s t e r  

s k i n  th icknesses  c o r r e l a t e  more c lose ly  with the  range of the  He i ons  r a t h e r  
than the maxima i n  the  damage energy d i s t r i b u t i o n s .  These r e s u l t s  are i n  
agreement wi th  t h e  model f o r  b l i s t e r i n g  based on the  i n t e r n a l  gas pressure  
being the  d r i v i n g  fo rce  f o r  b l i s t e r  formation. An a l t e r n a t i v e  model has been 
discussed i n  t h e  l i t e r a t u r e  based on the  concept t h a t  b l i s t e r i n g  a r i s e s  from 
t h e  r e l i e f  of t he  la tera l  stress set up by t h e  d i s t r i b u t i o n  of bubbles i n  the  
near  su r face  regions  (182). For reviews of b l i s t e r i n g  models see Roth (182) 
and Das (183). 

+ 

4- 

A f u r t h e r  important aspect  of b l i s t e r i n g  i n  niobium i s  t h a t  i t  is known 
(181) t h a t  helium b l i s t e r i n g  i n  t h e  low energy range (< 20 keV) is replaced 
by micro r e l i e f  a f t e r  one generat ion of b l i s t e r s  due t o  s i g n i f i c a n t  su r face  
eros ion by spu t t e r ing .  However, evidence a t  high ene rg ie s  is i n  c o n f l i c t ,  
Behrisch et a1 (173) r e p o r t  a sponge l i k e  su r face  s t r u c t u r e  a f t e r  a high dose 

Table  XXXII. Representa t ive  B l i s t e r i n g  Data f o r  Nb. 

I r r a d i a t i o n  Conditions 

Dose,, Energy Temp. 
Parameter C/cmL (keV) 

Corppariso? of 
He and D 1.0 500 
( 169), ( 174),  ( 184) 

0.1 4 
Ion Energy 0.5 100 
(165) 0.5 250 

1.0 500 

1500 

I r r a d i a t i o n  0.1 
Temperature 
(164) 0.01 

- _  Low o c -  Specimen 

+ 
D+ 20 C Po lyc rys t a l ine  

He 20 C P o l y c r y s t a l i n e  

+ 
He+ R.T P o l y c r y s t a l i n e  
He+ R.T. P o l y c r y s t a l i n e  
He+ R.T. P o l y c r y s t a l i n e  
H e  R.T. P o l y c r y s t a l i n e  

+ 
+ 

He R.T. P o l y c r y s t a l i n e  

He R.T. P o l y c r y s t a l i n e  

He+ 900 c P o l y c r y s t a l i n e  
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Blis te r  
Data 

No B l i s t e r  
3-3% giameter I 

2 x 10 b l i s t e r s l cm '  

0.e diameteg 
1-3% 2 x 10 /Em 
3-3% 1.2 x 10 / c m  
1 l a r g e  b l i s t e r  
occupying 2/3 of 
i r r a d i a t e d  area 
1 l a r g e  b l i s t e r  

No Blisters 

Blisters 



2 4 of ZOC/cm 
blistering in polycrystalline niobium irradiated at 400 C with the same 
energy 4 ~ e +  ions. 

lOOkeV He ions while Kaminsky et a1 (184) reported repetitive 

Recently, Terreautt (180) has considered the available experimental 
evidence for repetitive blistering and demonstrated that the observed be- 
havior correlates with the relative width of the implantation profile, W 
Three distinct regimes were found: R' 

WR > 1 

0.7 < WR < 1 

single generation of blisters 

slow disappearance of blistering 

repetitive blistering or flaking WR < -0.7 

For niobium, repetitive blistering is predicted to occur at above -50keV. 

The data on blistering in Nb base alloys is of a very limited nature. 
Englin (185) has studied blistering in Nb-1Zr and found that after implanta- 

tion with He ions blistering was only observed after annealing at 950 C for 
two hours. The blister size increased with increasing i o n  implantation 
energy annealing time and temperature. 
implants produced smaller blisters compared to single i on  energy implants. 

4- 

As in pure metals multi-energy 

Development of the Irradiation Induced Microstructure 

During fast-particle irradiation at temperatures where either or both 
vacancy and interstitial point defects are mobile, a complex microstructure 
will develop as the point defects which do not recombine cluster of diffuse 
to the different point defect sinks. 
conditions the microstructure might consist of dislocation lines, dislocation 
loops (vacancy or interstitial), gas filled bubbles, voids and precipitates. 
The microstructures developed at low doses of fast particles have been 
studied in pure niobium and will be reviewed in the section "Low-dose Irradi- 
ations". The more complex microstructures evolved at doses where every atom 
has experienced multiple displacements has been studied primarily in niobium 
and niobium-zirconium alloys and will be reviewed in the section "High-dose 
Irradiations". It is to be noted that the majority of results obtained in 
these studies have come from transmission electron microscope studies. 

Depending on the precise irradiation 

Low-Dose Irradiations 

Fast neutron irradiations. The defect structure of niobium after 
fast neutron irradiation was first described by Tucker and Ohr (186). 
then there have been numerous studies of the damage created by fission 
neutrons and more recently fusion neutrons. The majority of authors report a 
uniform distribution of small defect clusters and dislocation loops, the 
density and size of which are dependent on the precise irradiation conditions 
and most importantly the purity of the material. Representative results are 
given in Table XXXIII for both fusion and fission neutrons. Both vacancy and 
interstitial loops have been reported, the vacancy loops are formed from the 
collapse of the vacancy rich centers of collision cascades and the intersti- 
tial loops by nucleation and growth of clusters formed by the rapidly migrat- 
ing interstitial point defects. The data of Agvrawal et a1 (189) demon- 
strates the important effect oxygen has on the density and diameter of the 
defect clusters and points to the important role played by interstitial 
impurities in the nucleation of point defect clusters in niobium. It is 
interesting to note that the total area of dislocation loop decreases with 
increasing oxygen content as this suggests that the impurity is increasing 
the level of point defect recombination. 

Since 
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Table XXXIII A. Results of Fission Neutron I r r a d i a t i o n .  

Defect 
Dosq Cluster  Vacancy 
n/m Temp C Density /m I n t e r s t i t i a l  na tu re  - Ref - 

186 

187 

(E>O.lMeV) 

2 x 10 22(a) 5o 

21 

21 

21 

2 x 10 

6 x 10 

8 x 10 

22 

21 

21 

1.6 x 10 

6 x 10 

188 1.8 x 10 

oZ3 189 9 x 

(s tudied)  

( e f f e c t  of 

oxygen) 

80 

4.2 K 

30 

80 

(1) 10 PPm oxygen 
(2) 250 ppm oxygen 
(3) 480 pprn oxygen 
(4) 904 ppm oxygen 

5 x 10 21 

0.6 x 10 

1.4 x 10 

NO information 

21 

21 

3 x loz1 

21 4.8 x 10 

0.7 x loz1 

-213 I n t e r s t i t i a l  113 vacancy 

-112 I n t e r s t i t i a l  1 /2  vacancy 

- -213 I n t e r s t i t i a l  113 vacancy 

Size 
Range 
(nm) 

2.0-10.0 

1.5-6.0 

1.5-10.1 

1.5-20.1 

- 
- 

1.5-3.0 
-* - d = 16.5 

54 x 1021 ( 2 )  6.0 

3.0 

2.5 

21 (1) 7 x 10 

- 

90 x 10 21 ( 3 )  - 

- 21 (4) 127 x 10 

* d = mean s i z e  (nm) 
(a )  E > l M e V  

Table XXXIII B. Resul ts  of Fusion Neutron I r r a d i a t i o n .  

Vacancy Size Range 
Ref Dose nfm Density /m I n t e r s t i t i a l  na tu re  (d 3 Clus te r  
- 
188 5 x 10 21 - 213  I n t e r s t i t i a l  113 vacancy 1.5-3.0 

-* - d - 4  22 - 1  x 10 21 190 1-2 x 10 

The loop d i s t r i b u t i o n  produced a f t e r  fusion neutron i r r a d i a t i o n s  a re  
general ly  found t o  be similar to  t h a t  produced by f i s s i o n  neutrons (188, 
190). Roberto et a1 (208) report  tha t  the  damage re ta ined  in c l u s t e r  form 
per neutron i s- 2 .5  t i m e s  higher f o r  aa-Be neutron with  a mean energy of 
15MeV compared t o  a f i s s i o n  reac to r  neutron. 
with the Yatio derkved from the calculated damage production f o r  each neutron 
source. 

This value compares favorably 
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In con t ras t  t o  the uniform d i s t r i b u t i o n  of s m a l l  defect  c l u s t e r s  discussed 

above Chen e t  a 1  (191) reported t h a t  a f t e r  an i r r a d i a t i o n  t o  8 x fus ion  
n / d  (E > O.1MeV) a population of l a rge  de fec t  c l u s t e r s  coexisted with a 
populat ion of small defect c lus te r s .  These l a rge  defect  c l u s t e r s  were not 
simple d i s loca t ion  loops but were raf t- l i k e  s t r u c t u r e s  containing many sub- 
c l u s t e r s .  A t  lower doses i n  niobium containing 10 and 68 ppm oxygen Loomis 
and Gerber (192) a l s o  observed l a rge  defect  c l u s t e r s  composed of numerous 
small subclusters .  

Charged p a r t i c l e  i r r a d i a t i o n .  K a i m  and Palmer (193-4) have s tudied 
4 +  2MeV He i r r a d i a t i o n  of neutron doped with oxygen using Rutherford back- 

s c a t t e r i n g  techniques. In p a r t i c u l a r  they obtained i n t e r e s t i n g  data  on 

i r r a d i a t i o n  induced l a t t i c e- s i t e  change of oxygen a f t e r  2MeV 4He+ i r r a d i a t i o n  
a t  86K and 293K. In uni r rad ia ted  niobium oxygen occupies octrahedral  s i t e s  
but a f t e r  i r r a d i a t i o n  the l a t t i c e  s i t e  is  a l t e r e d  and the r e s u l t s  were 
cons i s t en t  with oxygen atoms displaced by 0.05 f 0.Olnm with the  displace-  
ments occurring with equal p robab i l i ty  i n  the  d i f f e r e n t  <loo> d i rec t ions .  
They a l s o  demonstrated tha t  the e f f e c t  of oxygen is  t o  enhance the re ten t ion  
of i n t e r s t i t i a l s  i n  c lus te r s .  

High-dose i r r a d i a t i o n s .  It is w e l l  e s t ab l i shed  tha t  the d i s loca t ion  
l i n e s  and loops produced during i r r a d i a t i o n  a r e  biased s inks  f o r  i n t e r s t i t i a l  
point  de fec t s  and tha t  t h i s  c rea tes  an excess of vacancies i n  the  lattice. 
These vacancies a re  only able  t o  form a n e u t r a l  s ink  as any biased s ink ,  such 
a s  a vacancy d i s loca t ion  loop, w i l l  be inheren t ly  unstable  through the  excess 
of i n t e r s t i t i a l s  flowing i n t o  it. The most f requent ly  observed n e u t r a l  s ink  
a r e  three-dimensional voids which requ i re  some form of nucleat ing agent,  such 
as gas atoms, t o  s t a b i l i z e  the void embryo against  collapse. Void formation 
i s  general ly  l imited t o  temperatures where vacancies are mobile (2 .3Tm); they 

a l s o  do not  grow a t  very high temperatures (>0.5Tm) because the  vacancy 

supersa tu ra t ion  is not usual ly  high enough t o  keep the voids from evaporating. 

The production of voids i n  metals ,  p a r t i c u l a r l y  i n  those a l loys  considered 
f o r  use i n  f a s t  reactor  core components has been very extensively s tudied.  
Although void swelling i n  neutron and ion  i r r a d i a t e d  niobium has been f a i r l y  
widely s tudied,  Nb-1Zr is the only niobium base a l l o y  tha t  has received any 
a t t e n t i o n  i n  the  l i t e r a t u r e .  A s  i n  o the r  metals,  most emphasis has been 
placed on determining the void swel l ing c h a r a c t e r i s t i c s  at e levated tempera- 
tures .  However, the development of a l l  elements of the microstructure  a r e  
c l e a r l y  i n t e r l i n k e d  and wherever poss ib le  both void and d i s loca t ion  da ta  w i l l  
be given. 

Fission neutron i r r a d i a t i o n  

Pure Niobium. The general  f e a t u r e s  of void swel l ing of niobum have 
been s tudied a s  ea r ly  a s  1971 and the  r e s u l t s  a re  summarized i n  Table XXXIV. 
The e a r l y  data  of Wiffen (195) and Michel and Moteff (196) indicated t h a t  the  
temperature f o r  maximum swel l ing was approximately 600 C (-0.32T ) but more 

recent da ta  from Jang and Moteff (197) suggests tha t  the maximum swel l ing is 
-1050 C. In a l l  cases the void densi ty  decreases and void s i z e  increases  
with increasing i r r a d i a t i o n  temperature. 
marked temperature dependence of the  void numbers and s i z e s  found by B a r t l e t t  
et  a 1  (198) were not observed by Michel and Moteff (196) and these  d i f fe rences  
may a r i s e  through compositional d i f fe rences  between the casts of "commercial 
pur i ty"  niobium. 

m 

The higher swel l ing and the very 

This and the s l i g h t l y  higher dose employed by B a r t l e t t  et 
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a1 (198) may a l s o  account f o r  the  d i f f e rences  i n  the  d i s l o c a t i o n  component of 
t h e  mic ros t ruc tu re  observed i n  t he  two s tud ie s .  I n  both cases t h e  dis loca-  
t i o n  l i n e  dens i ty  decreased with inc reas ing  temperature,  but Bartlett et al 
(198) only observed d i s l o c a t i o n  t ang les  while Michel and Moteff (196) observed 
a popula t ion of d i s l o c a t i o n  loops. Their  da t a  are compared in Table W .  

Table XXXIV. Void and Swelling Data f o r  neu t ron- i r rad ia t ed  niobium. 

Void Parameters 

Tempera- 
t u r e  

C 

425 

585 

790 

425 

585 

790 

470 

6 50 

7 50 

600 

900 

430 

580 

700 

800 

900 

1050 

450 

550 

600 

625 

2 Fluence 
Neutronslm 

> l M e V  

3.7 x 10 

3.7 x 10 

3.7 x 10 

2.5 x 10 

26 

26 

26 

26 

24 

24 

24 

24 

24 

26 

26 

26 

26 

26 

26 

26 

26 

26 

26 

3.9 x 10 

5.5 x 10 

4.1 x 10 

5 x 10 

5 x 10 

1 x 10 

1 x 10 

1 x 10 

1 x 10 

1 x 10 

1 x 10 

3.4 x 10 

3.9 x 10 

3.9 x 10 

5.4 x 10 

Concentration 
t i o n  yo ids l  

m 

1.6 x 10 

2.1 x 10 

2.8 x 10 

2.3 x 10 

2.9 x 10 

8.7 x 10 

3 x 10 

8 x 10 

5 x 10 

1 x 10 

0 

23 

23 

23 

22 

22 

20 

22 

21  

20 

22 

- 

- 
- 
- 

- 
- 

23 

22 

2 1  

23 

8.5 x 10 

1.9 x 10 

3.1 x 10 

2.1 x 10 
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Av . 
Diam.  
(nm) 

7.0 

7.1 

18.6 

5.5 

6.1 

15.6 

2.0 

6.0 

12.5 

5-6 

0 

- 
- 
- 
- 
- 
- 
4 

14.1 

25.3 

4.6 

Volume 
Frac t ion  

% 

3.1 

4.8 

1.04 

0.23 

0.37 

0.21 

0.01 

0.09 

0.05 

0.1-0.2 

0 

0.18 

0.2 

0.2 

0.4 

0.4 

0.5 

2.9 

2.9 

2.7 

1.5 

Ref 

195 

- 

196 

200 

199 

197 

198 

230 



Nb-Zr al loys .  A t  these high doses the  add i t ion  of zirconium radi-  
c a l l y  a l t e r s  the  development of the microstructure. In a l loys  containing 1 
percent Z r  the  data ,  (196, 197) suggest t h a t  appreciable  void swelling only 
occurs i n  a r e l a t i v e l y  narrow temperature region about 800 C (Table XXVI) .  
The data on a l loys  with higher zirconium contents  (198) ind ica te  tha t  t h i s  
void res i s t ance  is maintained a t  l e a s t  at temperatures below 800 C (Table 
XXVI). The zirconium addi t ions  a l so  modified the  d i s loca t ion  s t ruc tu res  
observed (Table XXXVII) .  In Nb-1Zr the  s i z e  and densi ty  of the  d i s loca t ion  
loops present  in the  microstructure were increased i n  comparison to  pure 
niobium i r r a d i a t e d  under the same conditions (196). While a t  higher zircon- 
ium contents the d i s loca t ion  loops and tangles  were no longer homogeneously 
d i s t r i b u t e d  (198). 

Several reasons have been put forward t o  explain  the  suppression of void 
swelling by zirconium additions. Michel and Moteff (196) concluded t h a t  the  
suppression of void formation a t  425 C and 585 C was due t o  vacancy trapping 
a t  the overs ize  s o l u t e  atoms and tha t  the  simultaneous migration of oxygen 
and/or ni t rogen o r  carbon and vacancies was  responsible  f o r  the  nucleation of 
voids a t  790 C. B a r t l e t t  et a 1  (198) a l s o  considered tha t  the  high disloca-  
t i o n  densi ty  in the a l loys  and the e f f e c t i v e  f a l l  i n  the  concentration of the 
surface a c t i v e  gases oxygen and ni t rogen might a l s o  be f a c t o r s  i n  suppressing 
void formation. 

Nb-Mo al loys .  Michel and Smith (229) have reported r e s u l t s  of 
neutron i r r a d i a t i o n  of niobium and f i v e  niobium-base a l l o y s  t o -  4 dpa at 482 
C (229). Voids were observed in niobium and Nb-1Mo. None were found in Nb- 
l Z r ,  tib-5M0, Nb-1OMo or  Nb-5Mo-1Zr a l loys ;  t h i s  the  authors suggested tha t  
vacancy trapping a t  overs ize  so lu tes  was responsible  f o r  the  suppression of 
swelling in these  a l loys .  

Ion i r r a d i a t i o n .  The high atom displacement rates created during heavy- 
ion bombardment makes possible the attainment of high i r r a d i a t i o n  damage 
l eve l s  i n  a f a r  shor te r  time than the  equivalent  f i s s i o n  neutron i r rad ia t ion .  
In con t ras t  t o  f a s t  neutron i r r a d i a t i o n  where the  neutron penetra tes  consider- 

ab le  dis tances  the range of heavy-ions is very short  6 1  
and the damage l ayer  may be on ly -0 .b  thick. 
l aye r  t o  the specimen surface means tha t  i n  niobium, the  development of the  
damage microstructure  produced by elevated temperature i r r a d i a t i o n  may be 
influenced by pick-up of oxygen and ni t rogen during the  i r r a d i a t i o n  from the 
acce le ra to r  vacuum. Indeed Loomis e t  a1 (201) consider tha t  t o  avoid contam- 

ina t ion  e f f e c t s  i r r a d i a t i o n s  must be c a r r i e d  out in a vacuum of --loe8 t o r r  o r  
be t t e r .  

f o r  3MeV 58Ni+) 
The proximity of the damage 

The void swel l ing in ion- irradiated niobium and Nb-1Zr have been exten- 
s ive ly  inves t iga ted ,  p a r t i c u l a r l y  by Loomis and co-workers at Argonne National 
Laboratory who employed 3.5MeV N i  ions which have a penetra t ion of 0.7p. A 
f a r  wider range of i r r a d i a t i o n  and meta l lu rg ica l  parameters have been examined 
than was possible  under neutron i r r a d i a t i o n  and the main conclusions w i l l  be 
given below. 

Pure Niobium. The dependence of the  void parameters on i r r a d i a t i o n  
dose has been es tabl ished by Brimhall and Kissinger (202) at 800 C and 900 C. 
A t  doses below 10 dpa, the void swel l ing was approximately proport ional  with 
dose but a t  doses above t h i s  the  void swel l ing saturated.  These trends a re  
i l l u s t r a t e d  i n  Figure 27 fo r  an i r r a d i a t i o n  dose of 800 C. In agreement with 
t h i s  Loomis and Gerber (201) observed tha t  the  void parameters at 780 C and 
957 C a t  a dose of 130-140 dpa were not s i g n i f i c a n t l y  d i f f e r e n t  t o  the  para- 
meters found a t  50 dpa. 
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Table XXXVI. Void and Swelling data for neutron irradiated Nb-Zr alloys. 

Alloy 

Nb-1Zr 

Nb-1Zr 

Nb-5Zr 

Tempera- 
ture 

(C> 

425 

585 

790 

430 

580 

700 

800 

900 

1050 

Fluence 
2 nl m 

(E 1MeV) 
26 2.5 x 10 

26 

26 

26 

26 

26 

26 

1 x 10 

1 x 10 

1 x 10 

1 x 10 

1 x 10 

1 x 10 

Void Parameters 

Concentration Average 
voidslm Dim. (nm) 

- - 

- - 

57.5 20 1.8 x 10 

1 

) Not reported 

) 

) 

20 600 3.9 x 10 26 2 x 10 12.5 

Volume 
Fraction Ref. 

- 

- 196 

2.2 

0 197 

0 

0 

2.3 

0.13 

0 

0.02 198 

Table XXXVII. Loop and dislocation data for neutron irradiated Nb-Zr alloys. 

Irradiation Loops Dislocation 
Temperature Pluence Av. diam. Density density 

Ref. 2 - Im 3 Alloy (C) nlm (nm) I m  
2 

Nb-1Zr 425 2.5 x 10 26 10.0 7.3 x 10" 4.2 x 10 l3 196 

Nb-5Zr 

585 2.5 x 10 26 11.0 7.3 x loz2 3.4 x 10 l3 196 

790 2.5 x 10 33.0 7.1 x loz1 3.4 x lo1' 

600 3.9 x 10 26 18.0 4.6 x loz1 1.1 x 10 l4 198 
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In cons t r a s t  t o  the  neutron r e s u l t s ,  a complex temperature dependence has 
been observed (202) i n  both the void and d i s l o c a t i o n  loop parameters f o r  

niobium i r r a d i a t e d  t o  35-70 dpa by 3.OMeV N i +  i ons  in t he  temperature range 
600-1150 C. The most notable  f e a t u r e  of the  r e s u l t s  was  the  double peak in 
both the  void swe l l ing  and d i s l o c a t i o n  loop dens i ty  i l l u s t a t e d  in Figures  28 
and 29. In asses s ing  the  observed behavior,  t he  authors  noted t h a t  t h e  
oxygen and n i t rogen  pick-up in niobium increased dramat ica l ly  wi th  tempera- 
t u r e  and they suggested t h a t  the  mic ros t ruc tu re  developed at  high tempera- 
t u r e s  might be inf luenced by t h i s .  This  i n t e r p r e t a t i o n  was supported by the 
observat ion of niobium oxide p r e c i p i t a t e s  a t  1150 C. 

I n t e r s t i t i a l  impur i t i e s  were a l s o  thought t o  inf luence the  swe l l ing  
observed in i on- i r rad ia t ed  niobium subjected t o  sequen t i a l  temperature 
changes during i r r a d i a t i o n .  Loomis and Gerber (206) found t h a t  t he  swe l l ing  
w a s  lower i n  material subjected t o  t h i s  i r r a d i a t i o n  procedure compared t o  the  
combined swel l ing expected from the  sepa ra t e  i sothermal  i r r a d i a t i o n s .  Both 
void shrinkage and void-growth e f f e c t s  occurred with the exact  p a t t e r n  of 
behavior depending on the  p r e c i s e  temperature changes involved. Mechanisms 
based on the  segregat ion of oxygen t o  the v i c i n i t y  of void su r faces  were 
pos tu la t ed  to  exp la in  the  observed behavior whereby the  n e u t r a l  na tu re  of the  
void was progress ively  a l t e r e d  by the  oxygen a r r i v i n g  a t  the  void surface .  

I n  a series of niobium oxygen a l l o y s ,  Loomis and co-workers (204) deter-  
mined tha t  the oxygen inf luenced the  void s i z e  and dens i ty  by r a t h e r  an 
unusual mechanism. I n  the  u n i r r a d i a t e d  Nb-0 a l l o y s ,  a popula t ion of small 
voids  and void- shel l  composites were found which must have been formed dur ing 
t h e  elecron-beam zone r e f i n i n g  used t o  pu r i fy  the  niobium. The void number 
dens i ty  i n  the  i r r a d i a t e d  a l l o y s  was found t o  be r e l a t e d  t o  the dens i ty  of 
t h e  small  void and void s h e l l  composites observed i n  the  u n i r r a d i a t e d  a l loys .  

I n  a l l  the  previous ion i r r a d i a t i o n s ,  no a d d i t i o n a l  gas was in t roduced t o  
s t a b i l i z e  the  void populations.  In a series of experiments,  Loomis and 
Gerber (203) inves t iga t ed  the  e f f e c t  of simultaneous implanta t ion of 0.87 MeV 

3He on the  void swel l ing in niobium and Nb-0.4 at  percent oxygen a l l o y .  
d a t a  presented i n  Table X X X V I I I  demonstrates t h a t  e f f e c t  of up t o  0.1 at  
percent  helium only had a s i g n i f i c a n t  e f f e c t  i n  pure niobium i r r a d i a t e d  a t  
787 C. However, t he  authors  noted a tendency t o  develop a bi-modal d i s t r i b u-  
t i o n  of vo id lcav i ty  s i z e s .  

The 

Nb-base a l l o y s  

a. Nb-1Zr. The temperature dependence of the  void swe l l ing  and 

d i s l o c a t i o n  parameters f o r  Nb-1Zr i r r a d i a t e d  with 3.5MeV N i  ions t o  35-70 
dpa at temperatures between 600-1150 C have been determined by Loomis and 
Gerber (201). The r e s u l t s  ad jus t ed  t o  a dose of 50 dpa (Figures  30, 31) 
fo l low a similar p a t t e r n  t o  the  r e s u l t s  in pure niobium discussed above 
although the swe l l ing  is s l i g h t l y  h igher  i n  t h e  a l l o y  than i n  the  pure metal. 

+ 

b. Nb-Ti, N i ,  Mo and Fe Binary Alloys.  Loomis and Gerber (205) 
have recent ly  extended t h e i r  work t o  simple binary a l l o y s  and a Nb-Mo-Hf 
t e rna ry  a l l o y  and presented a most i n t e r e s t i n g  s tudy of the  e f f e c t  of d i f f e r-  

e n t  a l loying elements on t he  void swe l l ing  produced by N i  ion i r r a d i a t i o n .  

They employed both 3.OMeV N i  ion i r r a d i a t i o n  and simultaneous 3.OMeV N i  i o n  

and .87 MeV 3 H e  
dpa. The r e s u l t s  given in Table XXXIX show t h a t  t he  simultaneous i r r a d i a t i o n  

wi th3He  From a comparison 
of the  swel l ing obta ined in t he  d i f f e r e n t  a l l o y s  with values  of s o l u t e  
d i f f u s i v i t y ,  r e l a t i v e  chemical a f f i n i t y ,  and la t t ice  constant  f o r  t he  a l l o y s  
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+ ion i r r a d i a t i o n  t o  produce displacement doses c lose  t o  50 
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ions did  not s i g n i f i c a n t l y  change the  swel l ing.  
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Figure 28. P lo t  of the temperature dependence of void 
swe l l ing  A V / V  in niobium irradiated with 
3 .0  MeV N i +  ions. Data adjusted to  50 dpa (201). 
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Table XXXVIII. Void Parameters for Nb and Nb 0.4 at % 0 irradiated 
with 3.0 MeV 58Ni+ ions or with 3.0 MeV 58Ni+ and 

0.87 MeV 3He+ ions (0.002 at % He/dpa) 

Temp. Damage He 
Alloy - Ion (c) (dpa) (at X) A v / v  
Nb Ni+ 787 49 0 0.006 

Nb Ni+ + He+ 787 54 0.108 0.056 

Nb Ni+ 922 49 0 0.034 

Nb Ni+ + He+ 927 54 0.108 0.040 

Nb + Ni+ 78 7 47 0 0.007 
0.4 at X O  

Nb + Ni+ + He+ 787 51 0.102 0.008 
0.4 at % O  

Nb + Ni+ 937 43 0 0.049 
0.4 at X O  

Nb + Ni+ + He' 952 42 0.104 0.049 
0.4 at % O  

Table XXXIX. Void and cavity parameters in Nb alloys irradiated 
with 30Mev Ni ions or 3.OMeV 58Ni+ ions and 0.87 MeV He ions. 58 + 3 +  

Nb 

Nb + 2.2 a/o Ni 

Nb + 2.2 a/o Ni 

Nb + 2.5 a/o Ti 

Nb + 2.5 a/o Ti 

Nb + 2.3 a/o Mo 

Nb + 2.3 a/o Mo 

Nb + 2.5 a/o Mo + 
2.5 a/o Hf 

Nb + 2.5 a /o  Mo + 
2.5 a/o Hf 

Nb + 2.3 alo Fe 

Tempera- 
ture Damage 

- Ion (K) C (dpa) 

Ni+ 922 

Ni+ 1210 

Ni+ + He+ 1195 

Ni+ 1215 

~ i +  + He+ 1205 

Ni+ 1225 

Ni+ + He+ 1225 

ni+ 1220 

Ni+ + He+ 1220 

Ni+ 1225 

304 

49 

45 

44 

39 

48 

46 

47 

46 

49 

48 

0 

0 

0.088 

0 

0.096 

0 

0.094 

0 

0.098 

0 

3.4 

2.3 

1.2 

<0.1 

0.2 

<o. 1 

0.1 

<o. 1 

<0.1 

2.1 

Void Volume 
He fractions 

(a/o> (a/s) 



the  authors suggested tha t  (i) the s u b s t i t u t i o n a l  so lu tes  nickel  and ion t h a t  
d i f f u s e  abnormally f a s t  in niobium have a minor e f e c t  on the voidAV/V, (ii) 
t h e  s u b s t i t u t i o n a l  s o l u t e  molybdenum, tha t  d i f f u s e s  abnormally slowly in 
niobium causes a s i g n i f i c a n t  reduction h A V / V ,  (iii) t i tanium which has a 
s t rong  a f f i n i t y  f o r  oxygen causes a s i g n i f i c a n t  reduct ion in A V / V .  Loomis 
and Gerber (207) have a l s o  es tabl ished tha t  the  low swel l ing of Nb-Ti a l loys  
is  re ta ined at high l eve l s  of t i tanium (< 25 at X )  at both 1050 K and 1250 K. 

Void La t t i ce .  In ion- irradiated niobium and Nb-1Zr ordered arrays  
of voids or iented p a r a l l e l  t o  the host metal l a t t i c e ,  e.g. bcc, have been 
observed by both Brimhall and Kulcxinski (202) and Loomis and co-workers 
(203). Brimhall and Kulcinski (202) found t h a t  the  void l a t t i c e  was not a s  
we l l  defined at 900 C as  at 800 C 2nd tha t  the ordering of voids f i r s t  
occurred a f t e r  60 dpa and was f a i r l y  w e l l  developed by 90 dpa. Loomis e t  a1 
(203) es tab l i shed  the important r e s u l t  tha t  ordered void arrays  were only 
formed in niobium and Nb-1Zr i f  the  oxygen impurity concentrat ion exceeded a 
threshold l eve l .  The threshold concentration was between 60 and 400 at.  ppm 
f o r  niobium and between 400 and 2700 a t .  ppm f o r  Nb-1Zr. The ordering of the  
voids occurred a t  a low dose (<5 dpa) and the void l a t t i c e  parameters were 
again very s e n s i t i v e  t o  i r r a d i a t i o n  temperature with the greatest degree of 
perfect ion occurring a t  780 C and 800 C. 

Loomis and Gerber (203) presented empir ical  and t h e o r e t i c a l  equations f o r  
t h e  re la t ionsh ip  between the void l a t t i c e  parameters i r r a d i a t i o n  temperature, 
and oxygen-impurity concentration and suggested t h a t  the  void spacing i n  
ordered a r rays  is bas ica l ly  due t o  i n t e r s t i t i a l  s o l u t e  segregat ion t o  void 
surf  aces. 

Mechanical P roper t i e s  

In t h i s  sec t ion  the e f f e c t  of i r r a d i a t i o n  on the  mechanical proper t ies  of 
po lyc rys ta l l ine  niobium and niobium base a l l o y s  w i l l  be considered. As  one 
might expect,  the very small penetra t ion of energe t i c  charged p a r t i c l e s  makes 
mechanical t e s t i n g  of i r r a d i a t e d  samples d i f f i c u l t ,  although alpha p a r t i c l e  
i r r a d i a t i o n s  have been employed t o  study the e f f e c t  on the  mechanical proper- 
t i e s  of the high helium concentrations t y p i c a l  of a fusion reac to r  (see  
sec t ion  "Effect of Helium on Mechanical Proper t ies" ) .  Most a t t e n t i o n  has 
been given t o  the  e f f e c t  of f a s t  neutron i r r a d i a t i o n  on the  mechanical 
proper t ies ,  a s  it is obviously simple t o  i r r a d i a t e  the  comparatively l a rge  
volumes of mate r i a l  required fo r  mechanical t e s t ing .  This da ta  w i l l  be 
reviewed below. 

Effect  of f a s t  neutron i r r a d i a t i o n .  The major i ty  of s t u d i e s  using 
neutrons have employed post- irradiat ion t e n s i l e  t e s t i n g  of i r r a d i a t e d  t e s t  
pieces. The da ta  on niobium covers a wide va r ie ty  of microstructures ,  
temperatures and f luences ,  while only r e s t r i c t e d  information is avai lable  on 
niobium a l l o y s ,  Nb-1Zr and Cb-752 are the only a l l o y s  on which data was 
found. In Table XL a representat ive  s e l e c t i o n  of da ta  is given on the e f f e c t  
of i r r a d i a t i o n  on the  s t r eng th  and d u c t i l i t y  as measured by post- irradiat ion 
t e s t i n g  (190, 209-213). In a l l  the  cases the  e f f e c t  of the  i r r a d i a t i o n  was 
t o  strengthen the material, with the magnitude of the  increase  dependent on 
the  i r r a d i a t i o n  temperature and fluence. Accompanying t h i s  increase  i n  
s t rength w a s  a loss  of d u c t i l i t y  p a r t i c u l a r l y  of uniform elongat ion,  which 
may approach zero (211-212). However, even i n  the  l a t t e r  case, the t o t a l  
elongation remained high. The data  obtained by Wiffen (211) a t  high doses 
demonstrate tha t  a l loy ing  with 1 percent zirconium produced a g rea te r  in- 
crease in s teng th  but a g rea te r  reduction in uniform d u c t i l i t y  than in 
niobium i r r a d i a t e d  and t e s ted  under s imi la r  conditions. The other  notable 
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Table XL (A) .  Effec t  of f i s s i o n  neutron i r rad iar ion  on the mechanical properries of Nb and N b - l k  

W 
0 m 

Fast 
Fluence 

Haterial  > 1 uev 
nlm? 

- -  
9.1 x 1021 

9.1 1 1021 

Nb 9.1 x L O z 1  

(99.82)  9.1 x 10" 

( 2 0 9 )  9.1 x l o z 1  
9.1 x 10'' 

9.1 7. 1021 

9.1 x 1021 

I loz4 
I loz4 

1 loz4 

I loz4 

3 x 1026 

(211) 3 x 1026 

3 x 1026 

8.8 loz3 

8.8 loz3 

N b l Z e  I loz4 
(212)  I l o z4  

1.5 loz4 
1.5 l o z4  

Nb I 

(210) I 

Nbca) 3.1 x l o z6  

1.9 x l o z6  

Nb-lZr-(a)  3.1 x loz6 

(211)  1.9 I 1026 

3.1 x loz6 

3.1 x l o z6  
(a) >O.lMeV 

Irradiatlon 
temp 
( "C)  

11 

17 

17 

17 

330 

330 

330 

330 

125-115 

125-115 

125-115 

125-115 

125-115 

125-115 

460 

440 

460 

460 

50 c 
50 c 
50 c 
50 c 
50 c 
50 C 

394 

448 

394 

448 

448 

Test 
temp 
( "C)  - 
RT 

RT 
RT 

RT 
RT 
RT 

RT 
RT 

RT 

RT 
RT 
RT 

RT 
RT 

25 

400 

400 

650 

RT 

RT 
RT 

RT 
RT 
RT 

25 

25 

400 

400 

650 

0.22 
Yield 

Strength 
(MPd 

unirr I n  _ _ _  
134.5 293 

119 281 
119 - 
148 285 
134 - 
134 311 

134 - 
134 302 
134 - 
410 532 

410 511 

410 513 

410 636 

410 636 

410 629 

110 430 

12 343 

72  394 

60 326 

380 401 

380 432 

380 430 

380 434 

380 423 

380 445 

112 563 

112 638 

122 499 

122 512 

85 451 

Ultimate 
Tensile 

Strength 
(MPa) 

unirr 1rr 

276 319 

240 292 

240 314 

201 291 

216 384 

276 361 

216 319 

276 328 
276 305 

495 554 

495 513 

495 531 

495 640 

495 639 

495 632 

_ _ _  

210 528 

174 411 

174 441 

121 348 

412 433 

412 445 

412 448 

412 443 

412 439 

412 450 

221 614 

221 638 

113 499 

113 512 

186 451 

Elongstion il 

- _  unirr Irr  - -  unirr Irr 
Uniform Total 

51.5 415 

53.0 38.5 

53.0 31.5 

45.0 32.9 

51.5 21.8 

- -  
- -  
- -  
- -  
- -  

50.0 31.4 

45.0 24.3 
45.0 20.8 

20.6 8.0 

20.6 6.4 

20.6 6.5 

20.6 6.8 

20.6 7.1 

20.6 4.2 

- -  
- -  
- -  
- -  
- -  
- -  
- -  
- -  
- -  

21 10 60 11 

25 1 39 15 

25 5 39 13 

22 3 41 12 

3.2 0.5 

3.2 0.6 

3.2 0.6 

3.2 0.5 

3.2 0.6 

3.2 0.6 

30 3 52 12 

30 0.1 52 9 

0.1 28 9 

0.1 28 9 

0.1 24 9 

95 11 

92 85 

92 85 

91 41 

19 69 

19 12 

19 12 

19 55 

79 12 

79 81 

94 82 

94 89 

95 74 

95 85 

80 83 



feature of the Nb-1Zr results was that the maximum load was reached within 
0.2 percent deviation from the elastic modulus line, and thus the measured 
yield strength and ultimate tensile strength were identical. This contrasted 
with behavior of pure niobium and is illustrated in Figure 32 for a test 
temperature of 400 C. 

24 At low doses (< 10 n/&) there have been several attempts to correlate 
the changes in the mechanical properties with the observed microstructure. 
Loomis and Gerber (192) in a study of niobium containing oxygen considered 
that the increase in the resolved shear stress could be correlated with the 
density and diameter of the irradiation induced defect clusters. However, 
more recently Kayamo and Yajima (214) suggested that discrepancies they found 
between the athermal components of the yield stress and the stresses derived 
from the observed defect distributions were due to interactions between 
interstitial impurities and radiation-produced defects. Loomis and Gerber 
(172) also suggested that impurity atom-irradiation produced defect complexes 
that were not resolvable in the electron microscope were contributing to the 

21 hardening at doses below 3 x 10 n/&. 

The effect of neutron energy has been investigated by Mitchell et a1 
(218) who compared the radiation strengthening produced in Nb by fusion and 

fission neutrons at doses < 10'' n/&. 
trons produced greater strengthening, both when the data was compared on the 
basis of neutron dose and of damage energy. 

The authors found that fusion neu- 

Effect of helium on mechanical properties. As described in the section 
"Neutron interactions with niobium", one of the major differences between the 
irradiation response of a structural material in fission and fusion neutron 
irradiations is in the significantly greater amount of helium generated by 
fusion neutrons. This has considerable practical implications as it is well 
established that the formation of helium bubbles has a very important influ- 
ence on mechanical properties, particularly on the fracture mode at elevated 
temperatures. The influence of helium on the mechanical properties of both 
niobium and Nb-1Zr have been studied by a variety of techniques including 
alpha particle bombardment and tritium decay. 

Atteridge et a1 (216) and Baramore et a1 (134) have studied the effect of 
high helium concentrations on the mechanical properties of niobium. The high 
concentrations were introduced by diffusing tritium in to suitable specimens 
and allowing this to decay to helium, and then removing the remaining tritium 
by an appropriate heat treatment in vacuum. In this manner, concentrations 
of between 25 and 500 appm were achieved. The main conclusions from these 
studies are that for a wide range of helium concentrations, the material is 
not strengthened at room temperature (134) but that strengthening does occur 
at elevated temperatures without a severe loss of ductility (215, 216). The 
latter trend is illustrated in Figure 33 where the results of Baramore et a1 
at 800 C and Atteridge et a1 at 1020 C are presented. Baramore et a1 consid- 
ered that the greater strengthening observed by Atteridge et a1 in their 
helium containing specimens was due to a greater degree of helium agglomera- 
tion in the material during thermal processing of the tritated specimens. 
Similar trends were observed at the lower strain rates employed in creep 
tests. Baramore et a1 (134) found that at temperatures between 700 and 1000 
C the steady state creep rate and strain to fracture decreased progressively 
with helium content, indicating the material strengthened but with an atten- 
dent loss of ductility. The strengthening effect of the helium was attri- 
buted to the combined effects of dislocation/helium-bubble interactions, and 
grain-boundary hardening by helium bubbles. 
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TOTAL ENGINEERING STRAIN (%I 

Figure 32. Tensile curves for irradiated Nb-1 X Zr 
(3.7 x 

min-l (211). 

n/m2 at 450 C) and Nb (3 .0  x 

n/m2 at 460 C) tested at 650 at 0.02 
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Figure 33. Effect of helium concentration on yield 
and ultimate stress and elongation of 

niobium tested at 1020 C at 0.02 min-' 
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From the dependence of the uniform elongation and strain-hardening on 
helium content, Atteridge et a1 (216) deduced that a change in the dominant 
mode of deformation occurred at high helium levels. They had observed that 
the uniform elongation decreased continuously until 250 appm helium and then 
dropped sharply. This coincided with a change in the stress-strain behavior, 
at >250 appm helium the strain hardening after yield found at lower concen- 
trations was not observed. The authors interpreted this behavior as indicat- 
ing that plastic deformation within the grains was the dominant mode of 
deformation at <250 appm helium but that grain boundary sliding become 
important at higher concentrations. Indeed grain boundary decohesion was 
present in the necked region of specimens containing 500 appm helium. 

The effect of helium on the mechanical properties of niobium base alloys 
has only been studied in Nb-1Zr implanted with alpha particles. Wiffen (219) 
studied the effect of 50MeV alpha particles bombardment at room temperature 
to gas contents of 2 to 20 appm helium on the elevated temperature properties 
of Nb-1Zr. Tensile tests at 1000 C and 1200 C showed no significant effect 
of helium. Creep rupture ductility measurements at the same temperature 
showed some reduction of ductility in the helium injected samples. 
the lack of dependence on helium content, an apparently smaller effect at 
1200 C than at 1000 C, and the absence of the classical features associated 
with helium embrittlement in microstructural examination was taken to indi- 
cate that the reduction in creep ductility was dependent on another mechan- 
ism. The observed precipitate phases suggested that the embrittlement was 
due to oxygen pick-up during the implantation. 
contents of up to 18 appm did not significantly degrade the properties of Nb- 
1Zr at above 1000 C. From the results of tensile tests at lower temperatures, 
20 to 800 C, Sagues and Auer (219)'similarly concluded that the ductility of 
Nb-1Zr was not significantly affected by up to 80 at. ppm of helium implanted 
using a 100 MeV alpha particle beam at 50 C and 600 C. 

However, 

It was concluded that helium 

Helium bubble behavior in niobium and niobium-zirconium alloys. It is 
clear from the discussion above that helium bubble nucleation and growth is 
important in determining the mechanical behavior of niobium. Goodhew and co- 
workers (220-227) have studied helium bubble growth by migration and coales- 
ence in several bcc metals including niobium and niobium zirconium alloys. 
They demonstated that the rate limiting process controlling the bubble growth 
depended sensitively on both bubble size and the composition of the bubble 
surface. The experimental procedure consisted of nucleating bubbles in the 
grain interior (within 200-8OOnm of the surface) and studying their growth 
under isothermal conditions. They also extended existing theoretical models 
to include both the possibility that nucleation of a surface ledge may 
control the migration rate of faceted bubbles, and that the condition of 
constant gas pressure in the bubbles may apply at low temperatures (227). 
From a detailed comparison of the experimental growth rates and the behavior 
predicted by the theoretical models, they were able to show that the observa- 
tions were consistent with bubble migration by a surface diffusion mechanism. 
In pure niobium, the rate limiting process was shown to be surface diffusion 
for small bubbles but ledge nucleation for large bubbles. The latter gave 
rise to very low growth rates and a cessation of bubble growth effectively 
occurred over the temperature range studied (950-1250 C). 
behavior was more complex i n  niobium-zirconium alloys. The observations were 
consistent with the zirconium causing changes in the ledge energy as the 
isothermal anneal proceeded. Initially the addition of zirconium cleansed 
the bubble faces of oxygen which had the effect of increasing the ledge 
energy. At longer times the segregation of Zr-0 complexes to the bubbles 
further altered the ledge energy. The ledge energies deduced from the 
quantitative modelling are given in Table XLI. It is to be emphasized that 

The bubble growth 
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t he  bubble s ize  a t  which the  growth is con t ro l l ed  by ledge nuc lea t ion  was 
found t o  depend s e n s i t i v e l y  on the  ledge energy, i nc reas ing  sharply  with 
decreas ing ledge energy. For example, i n  Nb-1Zr annealed at 1050 C ,  the  

decrease  in t he  ledge energy from 11 x 10-llJ/m t o  4 10-llJ/m increased the  
bubble s i z e  from 2nm t o  5nm. 

Table XLI. Ledge ene rg ie s  on t h e  (100) f a c e  of niobium 
determined by Goodhew and.Tyler .  

Pure Niobium - 11 x J / M  

-11 Niobium conta ining - 1.2 x 10 J / M  
6 400/10 oxygen 

Af te r  segregat ion of - 4  x J / M  
Z r - 0  t o  the  su r faces  

C lea r ly ,  under the  condi t ions  inves t iga t ed  by Goodhew and co-workers, 
t he re  is no displacement damage o r  helium generat ion occur r ing  dur ing the  
growth of the  bubble population. This l i m i t s  the  a p p l i c a t i o n  of t h e i r  
r e s u l t s  t o  an i r r a d i a t i o n  environment but  Goodhew and Tyler  (227) point  out 
t h a t  i f  dur ing i r r a d i a t i o n  a t  high temperatures bubbles are mobile then any 
segregat ion t o  i n t e r n a l  su r face  induced by the  i r r a d i a t i o n  could modify 
bubble mob i l i t y  dramat ica l ly .  

Summary of I r r a d i a t i o n  behavior 

In t h e  s e c t i o n  "Neutron i n t e r a c t i o n s  with niobium" it was shown t h a t  t h e  
i n t e r a c t i o n  of niobium with f a s t  and thermal neutrons has  been w e l l  descr ibed 
i n  the l i t e r a t u r e .  A s  i n  o the r  metals, t he  var ious  cross- sect ions  are 
dependent on neutron energy. The absorpt ion cross- sect ions  a r e  low f o r  
thermal neutrons i n  comparison with o the r  elements,  but are high f o r  lOOkeV 
neutrons. The la t ter  p resen t s  a b a r r i e r  f o r  the  use  of niobium base a l l o y s  
in a f a s t  r eac to r .  The energy dependent neutron c o l l i s i o n  cross- sect ions  are 
s u f f i c i e n t l y  w e l l  e s t a b l i s h e d  f o r  the  r e c o i l  s p e c t r a  c rea t ed  i n  d i f f e r e n t  
neutron sources  t o  be r e l i a b l y  ca lcula ted .  The r e c o i l  s p e c t r a  show the 
expected dependence on neutron energy with high energy r e c o i l s  being c rea t ed  
by fusion neutrons.  Niobium a l l o y s  have been considered as poss ib l e  contain-  
ment materials f o r  fus ion  r e a c t o r s  and i t  was shown t h a t  t he  transmutation 
gas production (H, He) i n  niobium is lower than i n  o the r  poss ib l e  s t r u c t u r a l  
mater ia ls .  However, the  long l i v e d  a c t i v i t y  of Nb g ives  an  unacceptably high 
l e v e l  of a c t i v i t y  over the  long term. Although t h i s  was considered i n  the  
context of a f u s i o n  r e a c t o r ,  i t  is equal ly  a drawback t o  the  use  of niobium 
i n  f i s s i o n  r eac to r s .  

Surface e f f e c t s ,  p a r t i c u l a r l y  b l i s t e r i n g ,  have received more a t t e n t i o n  
than any o the r  i r r a d i a t i o n  induced phenomena. These s t u d i e s ,  pr imar i ly  wi th  
monoenergetic He  and H ions have e s t ab l i shed  the  dependence on material and 
i r r a d i a i o n  parameters.  They have a l s o , b e e n  important i n  the  examination of 
t h e  mechanisms under lying b l i s t e r i n g .  It is perhaps s u r p r i s i n g  t h a t  t he re  
have been r e l a t i v e l y  few s t u d i e s  on niobium a l l o y s .  

The s t u d i e s  on the  mic ros t ruc tu re  generated under neutron i r r a d i a t i o n  
have shown t h a t  the  development of the  mic ros t ruc tu re  fo l lows the  p a t t e r n  
e s t ab l i shed  i n  o the r  metals. A t  low doses,  a uniform d i s t r i b u t i o n  of small 
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defects clusters are created, the size and density of which depends on the 
precise irradiation parameters and the purity of the material. 
a more complex microstructure evolves consisting of network dislocations, 
dislocation loops and voids. 
show some variation, possibly due to different purity material being used. 
The swelling is thought to peak at 1000 C and the observed swelling is 
generally quite low, for example, only 1.5 percent swelling was observed at a 
dose of 21 dpa at 600 C. 
alloys containing appreciable zirconium or molybdenum. Indeed in Nb-1Zr 
appreciable swelling has only been observed in a narrow temperature range 
around 790 C. 

At high doses 

The void swelling values reported for niobium 

The void swelling is suppressed or reduced in 

The extensive void swelling studies by Loomis and co-workers using ion 
irradiation have extended the range of parameters examined. Possibly the 
most important aspect of their work is identifying the important role played 
by interstitial impurities, and in particular, oxygen. They also deomon- 
strated that alloying elements that diffuse abnormally slowly, i.e. molyb- 
denum or that have an affinity for oxygen, i.e. titanium, cause a significant 
reduction in swelling. 

Post-irradiation tensile testing of neutron irradiated niobium and Nb-1Zr 
have shown that the material is strengthened with the magnitude of the 
increase depending on the irradiation temperature and neutron fluence. 
strengthening is accompanied by a dramatic decrease in uniform elongation 
although the total elongation remains at a tolerable level. 
the uniform elongation drops to near zero. 

This 

Indeed in Nb-1Zr 

The effect of low levels of helium (<20 appm) has little effect on the 
mechanical properties of Nb-1Zr. High levels of helium introduced by the 
tritium trick caused the material to strengthen at elevated temperatures 
without a severe loss  o_f ductility. 
deformation at 1020 C was dependent on helium concentration. 
tions <250 appm plastic deformation within the grains was the dominant 
deformation mode, but grain boundary sliding became important at higher 
concentrations. 

There was evidence the dominant mode of 
At concentra- 

It is apparent from the above that interstitial impurities play an 
important role in processes involving the diffusion or clustering of the 
irradiation produced point defects. Indeed point defect impurity trapping 
makes the study of the basic properties of the point defects very difficult. 
Oxygen has received the most attention, its role in the development of the 
microstructure at both high and low doses has been identified. It appears 
from the work of Loomis and co-workers to strongly influence void growth 
through its effect on the void surface. The interaction of oxygen with a 
bubble surface was also identified by Goodhew and co-workers as strongly 
influencing the rate limiting step in the growth of bubbles under isothermal 
conditions. It is interesting that whereas the nitrogen and carbon were 
found to strongly affect the mechanical properties of niobium, their role in 
affecting the irradiation response has not as yet been established. 

, 
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