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synopsis  

This paper reviews a s e l e c t i o n  of the  more important con t r ibu t ions  of 
t he  pas t  decade on t he  in f luence  of niobium on var ious  a spec t s  of t he  weld- 
a b i l i t y  of high s t r e n g t h  low a l l o y  steels. It is  apparent  t h a t  niobium has 
i n s i g n i f i c a n t  e f f e c t s  on many aspec t s  of w e l d a b i l i t y ,  but  that considerable  
controversy has  e x i s t e d  i n  r e l a t i o n  t o  i ts  in f luence  on weld metal and heat  
a f f ec t ed  zone toughness. The apparent ly  con t rad ic to ry  observat ions  of var i-  
ous e a r l i e r  au thor s  have been c a r e f u l l y  examined and r a t i o n a l i z e d  i n  t h e  
l i g h t  of a l l  t h e  r e l evan t  da t a  now a v a i l a b l e  i n  the  world l i t e r a t u r e .  

It is concluded t h a t  t he  complex r o l e  of niobium can b e s t  be understood 
when i t s  o v e r a l l  e f f e c t s  are examined i n  r e l a t i o n  t o  i t s  in f luence  on t r ans-  
formation temperature,  and i n  t h i s  context ,  t he  importance of carbon content 
and cool ing rate fol lowing welding is emphasized. 

F i n a l l y ,  i t  is  suggested t h a t  t he  most j ud ic ious  use  of niobium w i l l  
only be made when the  l i a i s o n  between the  s tee lmaker  and t h e  end user  is 
improved. It is t h e r e f o r e  proposed t h a t  a l l  steel compositions should be 
t a i l o r e d ,  not simply wi th  a view t o  ob ta in ing  optimum base p l a t e  mechanical 
p rope r t i e s ,  but  w i th  equal  cons ide ra t ion  t o  the end product and in p a r t i-  
cu la r ,  t o  the  welding process envisaged f o r  use  i n  p rac t i ce .  
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In t roduc t ion  

Since  the  f i r s t  success fu l  u t i l i z a t i o n  of niobium i n  a high s t r e n g t h  low 
a l l o y  l i n e p i p e  s tee l  some twenty years  ago (1) t h e r e  have been cont inuing 
advances i n  microalloying technology, and it is now c l e a r ,  as witnessed by 
t h e  scope of the  present  conference, t h a t  niobium has found app l i ca t ion  i n  a 
very wide v a r i e t y  of product forms. Almost exc lus ive ly ,  t hese  products,  
p l a t e s ,  shapes,  ba r s ,  p ipe  etc. r equ i re  t o  be welded e i t h e r  dur ing manu- 
f a c t u r e  o r  subsequent f a b r i c a t i o n  and a g r e a t  weal th  of information on t h e i r  
response t o  a l l  t he  common welding processes  has  now been accumulated. 

C e r t a i n  a spec t s  of the  welding of i n d i v i d u a l  products such as t h i n  s t r i p  
and bars  are unique t o  the  less common processes  sometimes appl ied  i n  these  
areas, and any s p e c i f i c  e f f e c t s  of niobium i n  this context  are d e a l t  wi th  by 
t h e  authors  of o t h e r  papers i n  the  appropr i a t e  se s s ions .  The purpose of t h i s  
paper is t o  provide a general  review of the in f luence  of niobium on steel 
w e l d a b i l i t y ,  and s ince  a g r e a t  dea l  of t he  publ ished l i t e r a t u r e  relates t o  
s t u d i e s  on p l a t e  material, it is i n e v i t a b l e  t h a t  t h e r e  i s  a b ia s  towards 
those  welding processes most commonly app l i ed  t o  t h i s  product. Never theless ,  
t h e  t rends  e s t ab l i shed  and t h e  general  m e t a l l u r g i c a l  conclusions formulated, 
are equa l ly  app l i cab le  t o  a wide v a r i e t y  of s i t u a t i o n s  and i t  is hoped t h a t  
t h e  p resen ta t ion  of t h e  da ta  w i l l  be of value  t o  a l l  end use r s  of niobium 
bear ing steels. 

General Aspects of Weldabi l i ty  

A s tudy of the  a v a i l a b l e  l i t e r a t u r e ,  makes it q u i t e  c l e a r  t h a t  niobium 
has  no s i g n i f i c a n t  e f f e c t s  on genera l  a spec t s  of w e l d a b i l i t y  such as hea t  
a f f e c t e d  zone hydrogen cracking,  E q u a t i o n  cracking o r  weld metal s o l i d i f i -  
c a t i o n  cracking and i n  f a c t  the  var ious  carbon equivalent  formulae used t o  
p red ic t  we ldab i l i t y  (2), do not i nco rpora t e  niobium as an element r equ i r ing  
considera t ion.  Thus, e. g., i n  the  U.K., t he  B r i t i s h  Standard used t o  de r ive  
s a f e  pre-heat l e v e l s  f o r  s t r u c t u r a l  steels (3 )  considers  C-Mn-Nb s t e e l s  as 
equivalent  t o  C-Mn steels and much p r a c t i c a l  exper ience  confirms the v a l i d i t y  
of t h i s  w e l l  e s t ab l i shed  p rac t i ce .  Niobium i s  not considered t o  have any 
in f luence  on m a r t e n s i t i c  ha rdenab i l i t y  and i t  is  the re fo re  not s u r p r i s i n g  
t h a t  i t  should have no e f f e c t  on t he  s u s c e p t i b i l i t y  of steels t o  HA2 hydrogen 
induced cracking. 

In f a c t ,  t he  present  author  has found no c r e d i b l e  r e fe rence  t o  any 
s p e c i f i c  e f f e c t  of niobium on genera l  w e l d a b i l i t y  and it  is c l e a r  t h a t  t he re  
are only two areas of p o t e n t i a l  c o n f l i c t  i n  the  l i t e r a t u r e :  

a. The e f f e c t  of niobium on weld m e t a l  toughness and, 

b. The e f f e c t  of niobium on hea t  a f f e c t e d  zone toughness. 

A cursory  examination of the  l i t e r a t u r e  i n  these  two areas immediately 
r evea l s  t h a t  t h e r e  has been considerable  controversy  over the  pas t  decade 
with some au thor s  claiming b e n e f i c i a l  e f f e c t s  of niobium and o the r s  indica-  
t i n g  q u i t e  marked de t r imen ta l  e f f e c t s .  The remainder of t h i s  paper is, 
the re fo re ,  concerned with an eva lua t ion  of a s e l e c t i o n  of the  more important 
con t r ibu t ions  i n  the  world l i t e r a t u r e  i n  these  areas, and an attempt t o  
r a t i o n a l i z e  t h e  r e s u l t s  of var ious  authors  t o  provide clearer guidance on t he  
r o l e  of niobium over a wide range of p r a c t i c a l l y  r e l evan t  welding condi t ions .  
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The E f f e c t  of Niobium on Weld Metal Toughness 

H i s t o r i c a l  - Niobium Detr imenta l  t o  Weld Metal Toughness 

In t h e  la te  S i x t i e s  and e a r l y  Seven t i e s ,  t h e r e  were a number of publ ica-  
t i o n s  which suggested t h a t  niobium w a s  an undes i r ab le  element i n  s i t u a t i o n s  
where it was e s s e n t i a l  t o  ob ta in  good weld metal toughness ( 4 ,  5, 6). The 
most s e r ious  problems appeared t o  be a s soc ia t ed  with welds deposi ted  a t  
h ighe r  heat  i npu t s  e.g. with the  Submerged A r c  process which was being 
inc reas ing ly  used f o r  the welding of sh ipbu i ld ing  and s t r u c t u r a l  steels,  and, 
i n  s p i t e  of the  general  acceptance of niobium t r e a t e d  steels and t h e i r  
t r o u b l e  f r e e  f a b r i c a t i o n  h i s t o r y ,  t h e  use  of microal loying elements such as 
niobium began t o  be questioned. 

The importance of niobium w a s  subsequently debated by the  I n t e r n a t i o n a l  
Standards Organization and i t  w a s  soon proposed t h a t  t he  element should be 
l i m i t e d  t o  0.06 percent i n  s p e c i f i c a t i o n s  (7).  
ex tens ive  work by Hannerz e t  a1 ( 6 ) ,  the Swedish Delegation t o  the  I n t e r-  
n a t i o n a l  I n s t i t u t e  of Welding proposed niobium maxima f i r s t  of 0.05 percent  
and subsequently 0.03 percent  f o r  steels in tended t o  be f a b r i c a t e d  us ing  
submerged arc welding where reasonable  impact p rope r t i e s  were required a t  
sub-zero temperature.  

I n  1971 and 72 fol lowing 

Some of the  r e s u l t s  recorded by Hannerz et a1 ( 6 )  on 15mm p l a t e s  are 
reproduced i n  Figure  1, and i t  is  clear t h a t  with hea t  i npu t s  i n  the  range 

5.7 t o  7.2 KJ/m b T 5oo = 150 + 220 s e c s )  a s i g n i f i c a n t  e m b r i t t l i n g  e f f e c t  

of niobium was  experienced. A f u l l  a n a l y s i s  of t he  mic ros t ruc tu ra l  changes 
accompanying the  add i t ions  of niobium i s  not given i n  the  paper,  but from 
those  comments which are made and the  chemical a n a l y s i s  f i g u r e s  included,  it 
i s  poss ib l e  t o  conclude t h a t  Hannerz's h igher  hea t  input  welds had micro- 
s t r u c t u r e s  dominated by f e r r i t e  s i d e  p l a t e s  and polygonal f e r r i t e  and it  is 
un l ike ly  t h a t  much a c i c u l a r  f e r r i t e  w a s  present .  Hannerz e t  a1 ( 6 )  recorded 
s i g n i f i c a n t  i nc reases  i n  y i e l d  s t r e n g t h  and hardness when niobium w a s  added 
and pos tu la t ed  t h a t  the  cause of the  low impact s t r e n g t h  was t h e  presence of 
a f i n e  d i spe r s ion  of coherent niobium c a r b o n i t r i d e s  and an inc rease  i n  weld 
metal d i s l o c a t i o n  densi ty .  Considering a l l  t h e i r  r e s u l t s ,  Hannerz et  a1 ( 6 )  
suggested t h a t ,  f o r  submerged arc weld meta l ,  t he  Charpy v-notch t r a n s i t i o n  
temperature would inc rease  by about 2 C per 0.001 percent  Nb added, i.e. 
about 20 C per  0.01 percent  Nb. 

Fur the r  i n v e s t i g a t i o n s  i n  later years  which a l s o  employed high hea t  
i npu t s  wi th  p l a t e  th ickness  < 25mm provided similar conclusions and fol lowing 
very ex tens ive  sys t ema t i c  work a t  t h e  Welding I n s t i t u t e  i n  Poland, Wegrzyn 
(8 )  a c t u a l l y  attempted t o  rate t h e  " we ldab i l i t y"  of C-Mn-Nb steels by means 
of a type of carbon equivalent  formula. Good "weldabi l i ty"  i n  t h i s  context  
of course r e f e r r e d  t o  the  ease wi th  which adequate sub-zero weld metal Charpy 
results could be achieved. 

800 

Wegrzyn (8) def ined the  index Cw by the  formula. 

cw = C% +M&+ 3 Nb% 
10 

The suggested range of v a l i d i t y  of the  formula w a s  f o r  carbon con ten t s  
from 0.1 percent  t o  0.18 pe rcen t ,  manganese con ten t s  from 1.0 t o  1.6 pe rcen t ,  
and niobium con ten t s  from 0.025 percent  t o  0.095 percent  and the  Cw r e s u l t s  
were app l i ed  as follows: 
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C w <  0.35 

0.35 < C w <  0.45 

- No r e s t r i c t i o n  on h e a t  i n p u t  o r  welding process  

- Heat i npu t  should be r e s t r i c t e d  t o  3.5 W/mm 
i f  submerged arc welding is  employed. 

Cw > 0.45 - Only manual metal arc welding w i th  b a s i c  coated  
e l e c t r o d e s  should be cons idered .  

This  w a s  c e r t a i n l y  a novel a n a l y s i s  and t h e  r e l a t i v e  weight ings  g iven  t o  
carbon and niobium i n d i c a t e  t h a t  t h e  importance of t he  former element w a s  
very  much app rec i a t ed .  I n  t he  l i g h t  of p r e sen t  day s tee lmaking t r e n d s ,  it is 
i n t e r e s t i n g  t o  r e f l e c t  t h a t  Wegrzyn's formula r e s u l t s  i n  i d e n t i c a l  C va lues  
f o r  the  two steels d e t a i l e d  below: W 

C% - Mn% - Nb% - C -w 

Steel  1 0.18 1.40 0.033 0.42 

S t e e l  2 0.10 1.40 0.06 0.42 

Niobium as a Promoter of Tough Ac icu l a r  F e r r i t e  M i c r o s t r u c t u r e s  

By 1973, t h e  adverse  p u b l i c i t y  being r ece ived  by niobium was  s u f f i c i e n t  
t o  cause concern amongst European and American Stee lmakers  who had developed 
s p e c i f i c  product  ranges  t o  t ake  advantage of t h e  economic s t r eng then ing  which 
niobium provided,  and i n  1974 the  B r i t i s h  S t e e l  Corpora t ion  publ i shed t he  
r e s u l t s  of a very comprehensive i n v e s t i g a t i o n  i n t o  t h e  e f f e c t s  of niobium on 
Submerged A r c  weld metal toughness (9) .  Th i s  work was c a r r i e d  out  on both 
12.5m and 25mm p l a t e s  and i nco rpo ra t ed  welds w i t h  h e a t  i n p u t s  i n  t he  range 
of 1.9 t o  7.6 KJ/mm, welds w i th  amphoteric and b a s i c  f l u x e s ,  changes i n  
welding w i r e  composit ions v a r i a t i o n s  i n  i n t e r p a s s  tempera ture  and f i n a l l y  t he  
e f f e c s  of stress r e l i e v i n g .  

It w a s  sugges ted  that t h e  e f f e c t  of niobium depended c r i t i c a l l y  on a 
number of f a c t o r s  i nc lud ing  p l a t e  t h i cknes s ,  h e a t  i n p u t ,  f l u x  type  and 
welding w i r e  a n a l y s i s  but  t h e  most s i g n i f i c a n t  obse rva t i ons  were t h a t ,  t h e r e  
were many i n s t a n c e s  where niobium had no o v e r a l l  d e t r i m e n t a l  e f f e c t  on as 
welded toughness and some cases where niobium bea r ing  welds w e r e  c l e a r l y  
supe r io r  a f t e r  stress r e l i e v i n g .  

These la t ter  p o i n t s  were h i g h l i g h t e d  by Garland & Kirkwood (10) i n  a 
subsequent p u b l i c a t i o n  which summarized t h e  f i n d i n g s  of t h e  complex B.S.C. 
s t u d i e s  and F igu re  2 reproduces some of t h e i r  r e s u l t s  which i l l u s t r a t e  t h e  
po in t s  made above. A d e t a i l e d  q u a n t i t a t i v e  m i c r o s t r u c t u r a l  a n a l y s i s  of t he se  
welds was c a r r i e d  ou t ,  w i th  p a r t i c u l a r  a t t e n t i o n  be ing  g iven  t o  the na tu re  
and morphology of "pools"  of r e t a i n e d  m a r t e n s i t i c  microphases i n  t he  a c i c u l a r  
f e r r i t e  ma t r i x ,  s i n c e  t h e s e  had p rev ious ly  been i d e n t i f i e d  as of p o t e n t i a l  
importance by B i s s  & Cryderman (11).  The r e s u l t s  of t h i s  m i c r o s t r u c t u r a l  
a n a l y s i s  f o r  t h e  welds cons idered  i n  F igu re  2 are given below: 
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Acicular Ferrite Polygonal Acicular Ferrite 
Ferrite Side Plates Ferrite Martensitic micro 

% % % phases % 

Lath Twinned - 
0.005% Nb 47 5 48 2 7 

0.023% Nb 78 3 19 15 1 

x Given the misnomer "Upper Bainite" in the original publication 

It is clear that the presence of niobium has had a marked beneficial 
effect on gross microstructure though it has significantly increased the 
amount of lath martensite present in the acicular ferrite matrix. Garland & 
Kirkwood noted, as had previous authors that the presence of niobium resulted 
in significant increases in weld metal strength, particularly after stress 
relief and the results appropriate to Figure 2 where as follows: 

2 0.2% PROOF STRESS (NImui-1 

As Welded Stress Relieved 

0.005% Nb 426 43 1 

0.023% Nb 493 57 1 

These strengthening effects were considered to be due to, in the as 
welded condition, a combination of transformation hardening and perhaps 
limited precipitation hardening, and in the stress relieved condition, very 
definitely precipitation hardening. 

Combining these observations with all their other results ( 9 ,  l o ) ,  
Garland & Kirkwood proposed a vector model which could be used qualitatively 
to explain how opposing effects of niobium could interact to produce either 
overall beneficial or detrimental effects on toughness depending on the 
precise compositions and welding conditions under consideration. A schematic 
presentation of this model is given in Figure 3, and if we bear in mind that 
the "vectors" in the diagram indicate only the direction of effects and not 
their relative magnitude then in the context of Figure 2 ,  the as welded 
results are explained by postulating that the gross microstructural improve- 
ment resulting from the addition of Nb is counterbalanced by the sum of the 
negative vectors shown in Figure 3a. In the stress relieved condition Figure 
3b applies, and in this instance the removal of the martensitic constituents 
and other beneficial effects, such as recovery and removal of carbon from the 
acicular ferrite, offset the increased precipitation hardening, and allow the 
potential of the improved gross microstructure to be realized as shown in 
Figure 2. 

Since 1974 there have been numerous papers published in the world 
literature and an excellent review of these has recently been carried out by 
Dolby ( 1 2 ) .  Many of the results reported can be rationalized on the basis of 
the Garland & Kirkwood model (10) but there are certain exceptions which 
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r e q u i r e  f u r t h e r  considera t ion .  It is not  t h e  i n t e n t i o n  of t h i s  review t o  
d e a l  exhaus t ive ly  with a l l  t he  c o n t r i b u t i o n s  which f a l l  i n t o  t h i s  la t ter  
ca t ego ry  and two, have, t he re fo re ,  been s p e c i f i c a l l y  s e l e c t e d  s ince  these  
b e s t  demonstrate the  a d d i t i o n a l  e f f e c t s  which niobium has been repor ted  t o  
produce. 

A no tab le  f e a t u r e  of Garland & Kirkwood's work ( 1 0 )  was  t h a t  niobium 
always promoted an  inc rease  i n  a c i c u l a r  f e r r i t e  content  at t he  expense of 
g r a i n  boundary polygonal f e r r i t e  (and indeed many o t h e r  i n v e s t i g a t o r s  have 
made a similar obse rva t ion )  but t he re  are c l e a r l y  circumstances i n  which t h i s  
does not occur. 

Niobium Promoting F e r r i t e  Side  P l a t e  S t r u c t u r e s  

In 1975, Jesseman ( 1 3 )  using a calcium s i l i c a t e  f l u x  (h igher  oxygen 
d e p o s i t s-  380 ppm) produced a series of submerged arc welds on 12.7mm p l a t e s  
which c l e a r l y  i n d i c a t e d  t h a t ,  with welds l e a n  i n  manganese (- l % ) ,  niobium, 
whi le  i t  d i d  decrease  t h e  percentage of polygonal f e r r i t e  p re sen t ,  d id  no t  
promote a c i c u l a r  f e r r i t e  formation.  I n s t e a d ,  even i n  t h e  presence of l i m i t e d  
a d d i t i o n s  of N i  and Mo, niobium inc reased  the  amount of lamellar s i d e  p l a t e  
f e r r i t e  i n  t h e  mic ros t ruc tu re .  Very modest i n c r e a s e s  i n  hardness were 
recorded wi th  t h e  a d d i t i o n  of niobium, and on t h e  whole (except ing  one r e s u l t  
a t  0.053 percent  Nb i n  the  C-Mn depos i t  s e r i e s )  niobium had marginal bene- 
f i c i a l  e f f e c t s  on toughness,  see Figure  4 .  On stress r e l i e f ,  however, t h e  
hardness d a t a  c l e a r l y  i n d i c a t e  an impor tant  r o l e  of Nb i n  p r e c i p i t a t i o n  
hardening,  t he  base  welds without Nb a c t u a l l y  dec reas ing  i n  hardness and t h e  
Nb bear ing welds showing modest i nc reases .  A s  shown i n  Figure  4 ,  Nb is then  
s e e n  t o  be very de t r imen ta l  t o  weld metal toughness.  

It is noteworthy, t h a t  i n  t h i s  work, t h e  a d d i t i o n  of n i c k e l  was s p e c i f i -  
c a l l y  de t r imen ta l  t o  toughness,  p a r t i c u l a r l y  i n  t h e  absence of Nb (see Fig.  
4 )  probably because i t s  a d d i t i o n  a l s o  promoted the  format ion of s i d e  p l a t e  
f e r r i t e  i n  t h i s  s i t u a t i o n .  The s i g n i f i c a n c e  of such obse rva t ions  i s  o f t e n  
overlooked when w e  are concen t r a t ing  on t h e  e f f e c t s  of niobium i t s e l f ,  and i t  
i s  worthwhile r e f l e c t i n g  t h a t  t he re  are few re fe rences  i n  t h e  l i t e r a t u r e  
which sugges t  t h a t  n i c k e l  is  de t r imen ta l  t o  weld metal toughness. 

The weld metal mic ros t ruc tu re s  observed by Jesseman (13) a r e  considered 
by the  present  au tho r  t o  be of f a i r l y  h igh t r ans fo rma t ion  tempera ture ,  
perhaps not u n l i k e  those  noted i n  some of Hannerz's lower hea t  input  welds 
considered i n  h i s  1972 paper (6).  

Niobium Promoting Lath Type ( B a i n i t i c )  Mic ros t ruc tu re s  

A f u r t h e r  impor tant  c o n t r i b u t i o n  t o  t he  l i t e r a t u r e  w a s  made by Levine & 
H i l l  when fo l lowing a u s e f u l  review ( 1 4 )  i n  which they made a s i g n i f i c a n t  
con t r ibu t ion  t o  our p re sen t  unders tanding of t he  way i n  which weld metal 
mic ros t ruc tu re s  develop, they publ ished t h e  r e s u l t s  of a series of submerged 
a r c  welds depos i t ed  wi th  a b a s i c  f l u x  (low oxygen-  270 ppm) on 1 3 m  p l a t e s  
(15) .  These welds were prepared on p l a t e s  of much h ighe r  manganese content  
(1.70%) than i n  e.g. Jesseman's work 6- 1%) and t h e  r e s u l t a n t  weld metals 
were the re fo re  as expected of g r e a t e r  h a r d e n a b i l i t y .  Levine and H i l l  s t u d i e d  
Nb l e v e l s  from 0 t o  0.048 pe rcen t ,  i n  welds con ta in ing  C -  0.09 percent  and 
Mn- 1.65 percent  wi th  and without 0.2 percent  Mo and t h e s e  r e s u l t s  are 
reproduced i n  Figure  5. 
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I n  c o n t r a s t  with Garland and Kirkwood's (10) and Jesseman's (13) work, 
Levine & H i l l  found marked de t r imen ta l  e f f e c t s  of Nb on toughness of similar 
magnitude t o  t h a t  noted by Hannerz et a1 (6) i n  much higher  hea t  input  welds. 
However, i n  con t ra s t  t o  Hannerz e t  a l ,  Levine h H i l l ' s  s tudy showed t h a t  Nb 
had no e f f e c t  on as welded y i e l d  s t r e n g t h ,  t he  values  being c o n s i s t e n t l y  high 

- 545 N/mm wi th  or  without Nb (- 565 i n  the  presence of 0.2% Mo). Fortun- 
a t e l y ,  Levine & H i l l  c a r r i e d  out a thorough me ta l log raph ic  examination of 
t h e i r  mic ros t ruc tu res  and they concluded t h a t ,  as i n  a l l  o t h e r  s t u d i e s ,  
niobium reduced the  amount of g r a i n  boundary f e r r i t e  present .  Once again ,  
however, niobium (except a t  very low l e v e l s )  d i d  not  promote t h e  presence of 
a c i c u l a r  f e r r i t e ;  i n s t ead  i t  progress ively  replaced a c i c u l a r  f e r r i t e  with a 
l a t h  type s t r u c t u r e  with low angle g r a i n  boundaries ( r evea led  by t ransmiss ion 
e l e c t r o n  microscopy). It seems l i k e l y  t h a t  t h i s  l a t h  s t r u c t u r e  is s i m i l a r  t o  
t h a t  previously  descr ibed by I t o  and Nakanishi (16) i n  low oxygen niobium 
f r e e  weld metals, and i s  ak in  t o  a form of t r u e  "baini te" .  This  c o n s t i t u e n t ,  
according t o  the  la t ter  au thor s ,  forms at temperatures below those  normally 
a s s o c i a t e d  with a c i c u l a r  f e r r i t e  formation. The morphology of the  l a t h  
s t r u c t u r e  is  such t h a t  cleavage i n i t i a t i o n  and propagat ion are easy and t h i s  
exp la ins  the  de t r imen ta l  e f f e c t s  of niobium recorded by Levine h H i l l  (15). 

2 

The E f f e c t  of Niobium on Weld Metal Transformation 

The common experience of the  var ious  i n v e s t i g a t o r s  is t h a t  Nb reduces 
t h e  amount of polygonal f e r r i t e  i n  the  weld metal and i t  is clear, the re fo re ,  
t h a t  one of i ts  primary e f f e c t s ,  i n  common with  o the r  a l l o y i n g  elements such 
as Mn, N i  and Mo, is t o  inc rease  ha rdenab i l i t y .  However, o v e r a l l  harden- 
a b i l i t y  depends on a number of o the r  f a c t o r s  and i n  the  case of submerged arc 
welding, even the  type of f l u x  and the  a s soc ia t ed  oxygen l e v e l  have been 
shown t o  be important va r i ab le s  (17, 18). 

I t  fo l lows ,  t h e r e f o r e ,  t h a t  t he  e f f e c t  of niobium w i l l  vary depending on 
t h e  p r e c i s e  circumstances and i n  p a r t i c u l a r  on what the  mi'crostructure is  
l i k e  i n  t h e  absence of niobium. 

Cochrane & Kirkwood (17) have publ ished t h e  r e s u l t s  of s t u d i e s  on the  
t ransformat ion behavior of weld metal samples reheated and cooled us ing high 
speed d i l a tomet ry  and while it is unfo r tuna te  t h a t  t h e r e  are no two i d e n t i c a l  
welds t o  compare, i t  is  poss ib l e  t o  ga in  an  a p p r e c i a t i o n  of the  magnitude of 
t h e  Nb e f f e c t .  The fol lowing r e s u l t s  are from welds made wi th  manganese 
s i l i c a t e  f luxes  having oxygen con ten t s  about 600 ppm. 

TRANSFORMATION TEMPERATURE 

C% - Mn% - Nb% - S t a r t  - F i n i s h  

.14 1.25 C.005 725°C 600°C 

.09 1.25 0.031 675°C 535°C 

800 Nb Dila tometer  samples cooled such t h a t A  T 5oo = 55 secs. 
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The diff-erence i n  carbon content  of these two welds is ,  of course,  
un fo r tuna te  and prevents a t r u e  assessment of t he  e f f e c t  of Nb. However, 
Abson (19) has shown t h a t  an i n c r e a s e  i n  carbon would be expected t o  depress  
t h e  weld metal t ransformat ion temperature and thus i t  seems reasonable  t o  
conclude t h a t ,  a t  the  1.25 percent  Mn l e v e l ,  t he  in t roduc t ion  o f -  0.03 
percen t  Nb has r e su l t ed  i n  a drop i n  mean t ransformat ion temperature of a t  
least 50 C. This i s  a very s i g n i f i c a n t  change and i n  f a c t  Cochrane h Kirkwood 
have shown (17) t h a t  an inc rease  i n  manganese from 1.0 percent t o  about 1.5 
pe rcen t  would be required i n  a c i d i c  weld metal t o  e f f e c t  a change of similar 
magnitude. 

Recent ly ,  a more complete s tudy of the  e f f e c t  of niobium on weld metal 
t r ans fo rma t ion  has been repor ted  by Harr ison e t  a1 (20). 
h igh  speed di la tometry  and thermal a n a l y s i s  were combined t o  permit t he  
c o n s t r u c t i o n  of Continuous Cooling Transformation diagrams (C.C.T.) f o r  a 
series of weld metals of varying C ,  Mn, Nb and 0 contents .  Two of Harri- 2 
sons's diagrams are reproduced i n  Figure  6 f o r  compositions not f a r  removed 
from those s tud ied  by Garland & Kirkwood ( see  Figure  7.1, and these  c l e a r l y  

i n d i c a t e  t h a t ,  at a cooling rate r e s u l t i n g  i n  aA T ::: = 10 secs (c.f .  8.6 

secs i n  Garland h Kirkwood's work), t he  primary e f f e c t  of niobium should be 
t o  g r e a t l y  reduce the  amount of polygonal f e r r i t e  (P.F.) formed. 

I n  t h e i r  s tudy,  

It is clear t h a t ,  i n  t h i s  type  of composition over a f a i r l y  wide range 
of  cool ing rates, the  add i t ion  of niobium would i n c r e a s e  the  amount of 
a c i c u l a r  f e r r i t e  (A.F.) present  wi thout  g r e a t l y  changing the  f e r r i t e  s i d e  
p l a t e  (F.S.P.) content.  The depress ion of f e r r i t e  s t a r t  temperature recorded 
by Harrison e t  a1 is of a similar o rde r  t o  t h a t  noted by Cochrane h Kirkwood 
(17).  

Harr ison e t  a1 (20) a l s o  produced CCT curves f o r  low manganese weld 
metals with h igher  oxygen con ten t s ,  and i n  f a c t  the  compositions s tud ied  w e r e  
no t  un l ike  those i n  Jesseman's work descr ibed earlier (13). These diagrams 
c l e a r l y  show t h a t  a t  the  cool ing rate appropr i a t e  t o  Jesseman's s t u d i e s  i.e. 

1 3  C/sec b T 5oo = 23 secs )  mic ros t ruc tu res  dominated by polygonal f e r r i e  

and f e r r i t e  s i d e  p l a t e s  can be expected. Any a c i c u l a r  f e r r i t e  is  l i k e l y  t o  
be  of the  coarse  v a r i e t y  (CAF). 

800 

The CCT diagrams f o r  these  low manganese weld metals e x h i b i t  a much more 
ex tens ive  f e r r i t e  s i d e  p l a t e  regime than those  shown i n  Figure 6 ,  pr imar i ly  
due t o  the  lower manganese i t s e l f ,  and perhaps with some e f f e c t  of the  h igher  
oxyen i n  the  depos i t s  i nves t iga t ed  (17).  While Harr ison 's  work is not 
d e f i n i t i v e  on the  r o l e  of Nb i n  these  lower manganese weld meta ls ,  i t  does 
appear t o  show t h a t ,  as observed by Jesseman, an a d d i t i o n  of 0.02 percent Nb 
inc reases  the  amount of f e r r i t e  s i d e  p l a t e s  a t  the  expense of polygonal f e r-  
r i t e .  

F i n a l l y ,  a l l  Harr ison 's  diagrams i n d i c a t e  t h a t  at very f a s t  cool ing 
rates a l a t h  ferr i te  (L.F.) i n t r a g r a n u l a r  c o n s t i t u e n t  resembling b a i n i t e  can 
form t o  r ep lace  some of the  f e r r i t e  s i d e  p l a t e s  o r  a c i c u l a r  f e r r i t e .  I n  
Harr ison 's  weld metals, the  cool ing rates required t o  in t roduce t h i s  cons t i-  
t u e n t  are much f a s t e r  than those  normally a s soc ia t ed  with t y p i c a l  welding 
procedures and i t  is unfor tunate  t h a t  t o  da te  no CCT curve has been prepared 
f o r  a niobium bear ing higher  manganese (> 1.65%) weld metal deposi ted  under a 
low oxygen p o t e n t i a l  f l ux .  It seems probable i n  t h e  l i g h t  of Levine & H i l l s  
work (15)  t h a t  the combination of lower oxygen and higher  manganese, p a r t i-  
c u l a r l y  i n  the presence of an a d d i t i o n a l  ha rdenab i l i t y  element such as Mo o r  
Nb promotes the  formation of t h i s  c o n s t i t u e n t  a t  very much slower cool ing 
rates. 
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Modified Vector Diagram To I l l u s t r a t e  t h e  Various E f f e c t s  of Niobium 

Dolby (12) i n  a r ecen t  review prepared f o r  t he  I I W  commision IX-J 
proposed a modified vec to r  diagram based on the  o r i g i n a l  by Garland & Kirk- 
wood, and wi th  one minor add i t ion  t h i s  is reproduced i n  t h i s  paper i n  Figure  
7. Comparing t h i s  diagram t o  the o r i g i n a l  ( s e e  Figure  3 ) .  it w i l l  be appre- 
c i a t e d  t h a t  i t  now takes  account of a l l  t h e  var ious  poss ib l e  r o l e s  of niobium 
descr ibed i n  the  previous  paragraphs,  and a l s o  in t roduces  a y i e l d  s t r e n g t h  
vector  which i n  the  Garland & Kirkwood model was  not considered sepa ra t e ly  
from the  p r e c i p i t a t i o n  hardening vector .  

This new diagram while i t  is ,  of course,  s t i l l  schematic,  and i n  no way 
a p red ic t ive  model, does show how the  add i t ion  of niobium could be b e n e f i c i a l  
o r  det r imenta l  depending on the p r e c i s e  circumstances.  Taken together ,  with 
t h e  increased knowledge of the  general  e f f e c t s  of niobium on t ransformat ion 
behavior a t  d i f f e r e n t  manganese l e v e l s ,  i t  should enable  a f a i r l y  accura t e  
assessment t o  be made of what t o  expect with a given wire f l u x  combination so 
long a s  an a n t i c i p a t e d  hea t  i npu t  i s  ava i l ab le .  Conversely,  from a knowledge 
of the p l a t e  material, i t s  th ickness ,  and the  proposed hea t  i n p u t ,  i t  should 
now be poss ib l e  t o  select w i r e  f l u x  combinations t o  provide optimum toughness 
over a wide range of C ,  Mn and Nb l eve l s .  

P r e c i p i t a t i o n  Hardening During S t r e s s  Rel ief  

The importance of stress r e l i e f  i n  niobium bea r ing  welds has a l ready 
been emphasized, and r e s u l t s  presented t o  i n d i c a t e  t h a t  i t s  o v e r a l l  e f f e c t s  
can be b e n e f i c i a l  o r  de t r imen ta l  depending on many o t h e r  f a c t o r s  ( see  Figures  
2 & 4 ) .  The det r imenal  component is  t h a t  a s s o c i a t e d  wi th  p r e c i p i t a t i o n  
hardening, and as shown by Bosansky et  a1 (21) t h e  n a t u r e  of t he  p rec ip i t a-  
t i o n  can vary depending on the  type of o v e r a l l  mic ros t ruc tu re  under consid- 
era t ion .  Add i t iona l ly ,  t he  k i n e t i c s  of p r e c i p i t a t i o n  w i l l  c e r t a i n l y  depend 
on the thermal h i s t o r y  p r i o r  t o  stress r e l i e f  and on whether o r  not any 
p r e c i p i t a t i o n  o r  p re- prec ip i t a t ion  c l u s t e r i n g  is p resen t  i n  t h e  as-welded 
condition. 

Rosansky et a1 (21) suggest  t h a t  t he  f i n e  s t r eng then ing  p r e c i p i t a t e s  
which form dur ing the  i n i t i a l  cool ing of the  weld meta l  are only i n  t h e  
polygonal f e r r i t e  v i a  t h e  in t e rphase  mechanism, i.e. t h a t  the bulk a c i c u l a r  
(o r  o the r )  phases are r e l a t i v e l y  f r e e  from f i n e  scale p r e c i p i t a t i o n  i n  the  as 
welded condi t ion.  On stress r e l i e f ,  however, at a rate dependent on tempera- 
t u r e ,  niobium carbo- ni t r ide  p r e c i p i t a t e s  throughout the  matr ix  micros t ructure  
with a p r e f e r e n t i a l  a s s o c i a t i o n  f o r  regions  of h igh d i s l o c a t i o n  densi ty .  The 
p r e c i p i t a t e s  are i n i t i a l l y  coherent wi th  the  ma t r ix  and r e s u l t  i n  s i g n i f i c a n t  
i nc reases  i n  hardness and y i e l d  s t r eng th .  Bosansky (21) sugges t s  t h a t  t he  
p r e c i p i t a t e s  lose t h e i r  coherency r e l u c t a n t l y ,  and t h a t  even a f t e r  q u i t e  
prolonged stress r e l i e f  a t  640 C t h e i r  growth is so l i m i t e d  t h a t  they s t i l l  
a c t  as good d i s l o c a t i o n  t raps .  

Some a l l o y i n g  elements have t h e  a b i l i t y  t o  in f luence  the  k i n e t i c s  of 
niobium ca rbo- ni t r ide  p r e c i p i t a t i o n  and Figure  8 shows how Mo pushes the  peak 
hardness t o  longer  ageing times. 

The o v e r a l l  r e s u l t s  of e f f e c t s  of t h i s  type of course  vary depending on 
a number of f a c t o r s ,  and s ince  the  du ra t ion  of stress r e l i e f  is o f t e n  depen- 
dent on p l a t e  th i ckness ,  cases w i l l  arise where t h e  Mo bea r ing  weld appears 
t o  have been more prone t o  s t r eng then ing  on stress r e l i e f .  Reference t o  
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C = 0.05%, Mn = 1.41%, Mo = NIL 

C = 0.06%, Mn = 1.60%, Mo = 0.21% 

Nb = 0.002% 

Y 

1 
A.W 

Nb = 0.005% \ 
\ 

4 

10-1 1 oo lo1 lo2  
AGEING TIME (HRS) 

Figure 8. The e f f e c t  of ageing t i m e  at  640 C on the hardness 
of basic submerged arc weld  metals deposited on 15 mm 

plates  a t  8.2 KJ/mm, A T 8oo = 340 secs (21). 500 

777 



Figure  8 shows t h a t  i f  welds were stress re l i eved  f o r  between 30 mins and 1 
hr.  then it might be concluded t h a t  t he  Mo f r e e  weld w a s  e x h i b i t i n g  less 
p r e c i p i t a t i o n  than the  Mo bear ing one. This  is  c l e a r l y  not t he  case ,  s ince  
i n  1 hr. t h e  Mo f r e e  weld has i n  f a c t  overaged a t  640 C ,  and t h i s  simple 
example i l l u s t r a t e s  the  care which must be taken i n  the  i n t e r p r e t a t i o n  of the 
hardness o r  y i e l d  s t r e n g t h  changes recorded fol lowing stress r e l i e f .  

Shiga et a1 ( 2 2 )  have a c t u a l l y  shown t h a t  a l l o y i n g  the  weld metal wi th  
boron can a l s o  prevent e f f e c t i v e  Nb (CN) p r e c i p i t a t i o n  on stress r e l i e f  or  i n  
reheated regions  and the  advantages of t h i s  are i n d i c a t e d  i n  Figure  9.  The 
l e v e l  of boron required t o  ge t  t he  maximum b e n e f i t  from t h i s  approach has t o  
be c a r e f u l l y  con t ro l l ed  and the  optimum l e v e l  appears t o  be about 0.01 
percent.  This  is w e l l  above t h e  l e v e l  of boron normally in t roduced i n t o  sub- 
a r c  weld metals when i t  is  being added wi th  T i  s p e c i f i c a l l y  f o r  improvements 
t o  "as welded" toughness,  0.001 percent B being more t y p i c a l  ( l o ) ,  but t h i s  
approach has  apparent ly  been success fu l ly  commercialized i n  Japan f o r  stress 
re l i eved  weld meta ls  conta ining up t o  0.04 percent  Nb ( 2 3 ) .  

Niobium i n  Manual Metal A r c  Weld Metal 

In h i s  recent  review on t h e  e f f e c t  of niobium on sub-arc weld metal 
toughness,  Dolby ( 1 2 )  concluded t h a t  the toughness of re-heated weld metal i n  
mul t ipass  welds is l i k e l y  t o  show an e m b r i t t l i n g  e f f e c t  of niobium as a 
consequence of secondary hardening from Nb (CN) p r e c i p i t a t i o n ,  and indeed 
the re  is considerable  evidence t o  i n d i c a t e  t h a t  t h i s  can be a f a c t o r  of major 
importance ( 2 4 ,  25). 

Since the  pub l i ca t ion  of Dolby's review, Abson & Evans ( 2 6 )  have re- 
ported what would seem t o  be the  f i r s t  sys t ema t i c ,  and c e r t a i n l y  the  most 
comprehensive s tudy of the  e f f f e c t  of niobium on manual metal arc weld 
toughness. These i n v e s t i g a t o r s  used low hydrogen i r o n  powder type b a s i c  
e l ec t rodes  and var ied  manganese and niobium l e v e l s  i n  the. f e r r o a l l o y  content 
of the  coa t ings  t o  achieve a wide range of f i n a l  weld m e t a l  ana lys i s .  
Niobium l e v e l s  up t o  0.17 percent  were s t u d i e d ,  but t o  i l l u s t r a t e  t h e  gene ra l  
t r ends  recorded, some of t h e i r  r e s u l t s  at lower,  more p r a c t i c a l l y  r e l evan t  
niobium l e v e l s ,  are i l l u s t r a t e d  i n  Figures  10 & 11. A manganese l e v e l  of 1.5 
percent has been s e l e c t e d  because Evans (27) has  previously  repor ted  t h a t  
t h i s  is t h e  optimum i n  C-Mn manual metal  arc depos i t s .  

F igu re  10 shows t h a t  Dolby's p red ic t ion  was accura t e  and t h a t  q u i t e  
marked de t r imen ta l  e f f e c t s  on weld meal Charpy p r o p e r t i e s  are observed a t  
h igher  niobium l e v e l s .  Figure  11 shows t h a t  "as welded" y i e l d  s t r e n g t h  
increased d ramat i ca l ly  as Nb was added and t h i s  is  a t t r i b u t e d  t o  a combina- 
t i o n  of t r ans fo rma t ion  hardening and secondary hardening i n  t h e  reheated 
regions of the  low hea t  i npu t  multi- pass welds. It can a l s o  be seen from 
Figures  10 & 11 t h a t  stress r e l i e f  ( 2  hrs  a t  580 C) produced f u r t h e r  harden- 
ing and e m b r i t t l i n g  e f f e c t s .  

Abson & Evan's mic ros t ruc tu re  of the  as deposi ted  regions  i n  the  absence 
of niobium cons i s t ed  p r imar i ly  of a c i c u l a r  f e r r i t e  and g r a i n  boundary f e r-  
r i te ,  the  remainder being g r a i n  boundary nucleated f e r r i t e  wi th  a l igned 
m a r t e n s i t i c  and ca rb ide  cons t i tuen t s .  Low a d d i t i o n s  of niobium up t o  0.02 
percent ,  d id  not r a d i c a l l y  a l ter  t h i s  s t r u c t u r e ,  but above t h i s  l e v e l  g r a i n  
boundary f e r r i t e  decreased and a c i c u l a r  f e r r i t e  was p rogres s ive ly  replaced by 
g r a i n  boundary f e r r i t e  wi th  a l igned  m a r t e n s i t i c  and ca rb ide  c o n s t i t u e n t s ,  and 
some i n t r a g r a n u l a r l y  nucleated phase of a similar gene ra l  appearance t o  the  
l a t t e r  g r a i n  boundary phase. Thus, as Abson & Evans note  ( 2 6 1 ,  niobium does 
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no t ,  i n  t h i s  i n s t ance ,  f u r t h e r  promote the presence of the  predominant micro- 
s t r u c t u r a l  cons t i tuen t  and no immediate explanat ion f o r  t h i s  is  apparent.  

Again a CCT curve f o r  t h i s  type of composition might provide the  answer 
and it  should be remembered t h a t  though high i n  manganese, t hese  welds have 
an  oxygen content > 450 ppm more akin  t o  t h a t  found i n  submerged arc welds 
deposi ted  us ing a c i d i c  f luxes .  Higher l e v e l s  of deposi ted  oxygen are not 
uncommon with bas i c  e l ec t rodes  when the  coat ings  conta in  s u b s t a n t i a l  i r o n  
powder add i t ions  (28). 

It is important t h a t  t hese  r e s u l t s  should be viewed i n  the  proper per- 
spec t ive ,  and it must be noted t h a t  wi th  steels of conventional niobium 
l e v e l s ,  i.e. < 0.06 percent ,  low hea t  input  manual metal arc welding is 
u n l i k e l y  t o  r e s u l t  i n  weld metal Nb l e v e l s  much above 0.02 percent ,  and thus  
the  p r a c t i c a l  e f f e c t s  on toughness i n  e i t h e r  the  as welded or  the  stress 
r e l i e v e d  condi t ions  would be of no consequence. However, some of the  newer 
low carbon high niobium steels (Nb up t o  0.15%) could in t roduce s i g n i f i c a n t l y  
h igher  niobium l e v e l s  i n  the  depos i t  and i n  t h i s  regime Abson h Evan's 
r e s u l t s  could be of g rea t  p r a c t i c a l  s ign i f i cance .  

The Ef fec t  of Niobium on Heat Affected Zone Toughness 

The Nature of t h e  Heat Affected Zone 

A t y p i c a l  hea t  a f f ec t ed  zone i n  a C-Mn microalloyed steel c o n s i s t s  of 
var ious  d i s t i n c t  zones each i n d i c a t i v e  of t h e  thermal cycle  experienced 
l o c a l l y  dur ing welding. Immediately adjacent  t o  the  weld metal the re  is a 
coarse  gra ined zone, followed wi th  inc reas ing  d i s t ance  from the  fus ion  
boundary by, a g ra in  r e f ined  zone, a p a r t i a l l y  transformed zone, a sphero- 
dized zone and f i n a l l y  a region of hea t  a f f e c t e d  base metal which, though i t  
r evea l s  no immediate evidence of the  hea t  cycle  may w e l l  have been a f f e c t e d ,  
e.g. by dynamic s t r a i n  ageing. 

With the  exception of steels which are s u s c e p t i b l e  t o  s t r a i n  ageing 
embri t t lement ,  the  poorest  zone i n  microalloyed steels is  the  coarse gra ined 
region, and it  i s  t h i s  la t ter  which is almost exc lus ive ly  r e f e r r e d  t o  i n  
pub l i ca t ions .  This paper t h e r e f o r e  is concerned s o l e l y  wi th  such g r a i n  
coarsened zones and with the  in f luence  of niobium on the  mic ros t ruc tu re  and 
toughness i n  t h i s  area. 

Coarse Grained Heat Affected Zone Mic ros t ruc tu re  

The micros t ructure  observed i n  the  coa r se  gra ined H.A.Z. is dependent on 
t ransformat ion temperature,  and t h i s  i n  t u r n  is inf luenced by: 

a. Overa l l  chemistry 

b. Aus ten i t e  g ra in  s i z e  

C. The inc lus ion  l e v e l  i n  the  coa r se  gra ined a u s t e n i t e  

d. 800 The weld cool ing rateA T 5oo 'C 
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I t e m  c r equ i re s  some c l a r i f i c a t i o n ,  and i t  should be noted t h a t  t h e r e  is  
some d i r e c t  evidence and considerable  c i r cums tan t i a l  evidence t o  suggest  t h a t  
t h e  HAZ's of c leaner  steels t ransform at lower temperatures.  The explanat ion 
forwarded f o r  t h i s  observat ion is  t h a t  i nc lus ions  present  e n e r g e t i c a l l y  
f a v o r a b l e  s i t e s  f o r  e a r l y  f e r r i t e  nuc lea t ion  i n  t h e y / ,  r e a c t i o n  (29).  

Weld metal cool ing rate of course depends on welding parameters and 
o v e r a l l  hea t  input ,  and t h e  p r e c i s e  weld thermal cycle  a f f e c t s  the  degree of 
a u s t e n i t e  g ra in  growth which w i l l  occur i n  p rac t i ce .  Aus ten i t e  g r a i n  s i z e  i n  
t h e  "coarse" grained HA2 can range from about 30um ( i n  s p e c i a l l y  developed 
s t e e l s  welded a t  low hea t  i n p u t s )  t o  - 400 u m  i n  C-Mn steels subjected t o  
e l e c t r o s l a g  welding. 

The f i n a l  micros t ructure  observed depends on a l l  t he  f a c t o r s  d e t a i l e d  
above but it is important t o  r e a l i z e  j u s t  how dominant the  e f f e c t  of g r a i n  
s i z e  can be. 

Niobium i n  Heat Affected Zone 

Niobium is  gene ra l ly  p resen t  i n  s teel  t o  provide s t rengthening by a 
combination of p r e c i p i t a t i o n  hardening and g r a i n  refinement,  and is t h e r e f o r e  
p resen t  as f i n e  ca rb ide ,  n i t r i d e  o r  carbo- ni t r ide  p r e c i p i t a t e s  ( o r  perhaps 
p a r t i a l l y  i n  s o l i d  so lu t ion ) .  
s t a b l e ,  and Hoogendoorn and Spanraf t  (30) have presented a s o l u b i l i t y  curve 
f o r  a r ap id ly  heated Nb bear ing steel (samples held 1 h r  p r i o r  t o  o i l  quench- 
ing) which i n d i c a t e s  as shown i n  Figure  12 t h a t  a temperature of 1200 C was 
necessary  before s o l u t i o n  was v i r t u a l l y  complete. 

These f i n e  Nb (CN) p r e c i p i t a t e s  are q u i t e  

0.04 

N 0.03 
n 
w U 

I 1 I I I 

900 1000 1100 1200 1300 
TEMPERATURE O C  

Figure  12. S o l u b i l i t y  curve f o r  Niobium P r e c i p i t a t e s .  
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In the fast thermal cycles associated with weldinp, even with peak 
temperatures up to 1350 C,  it is, therefore, not surprising that some Nb (CN) 
remains undissolved. These undissolved precipitates may in some circum- 
stances act to retard austenite grain growth in the coarse grained HAZ, and 
Hannerz (31) has indicated the degree of this effect for 0.18 percent C, 1.3 
percent Mn steels. As Figure 13 shows, the effect is markedly influenced by 
H.A.Z. thermal cycle and would therefore only be of practical significance 
in manual metal arc welds or lower heat input submerged arc welds. 

Clearly, therefore, at the peak temperatures of the weld thermal cycle a 
proportion of the niobium will be in solution in the coarse prained austenite 
and on coolinp can act like many other alloying elements to depress transfor- 
mation temperature. At slow cooling rates as shown earlier for high heat 
input weld metals, it has been supgested that Nb (CN) can reprecipitate 
during and after the y/a transformation and such precipitation has been 
claimed to be a major factor contributinp to HA2 embrittlement in certain 
circumstances (31, 32). 

Until fairly recently, convincing direct evidence of this precipitation 
was not available, and previous workers had inferred its role from other 
experimental observations. Weatherly (33) has, however, now made some direct 
observations of Nb (CN) precipitation using careful carbon replica tech- 
niques. His investipations were carried out on carbon ( .09%),  maneanese 

AT::: = 300 Secs. ; 
I 1 1 I 1 

0.02 0.04 0.06 0.08 0.10 

Niobium % 

Figure 13. The influence of Nb on HA2 austenite grain 
size (31). 
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(1.30%) steel samples wi th  niobium contents  i n  t h e  range ,034 t o  .14 percent.  

The r e s u l t s  as expected depend c r i t i c a l l y  on cool ing rate, and at  A T 5oo > 
80 secs, Weatherly observed f i n e  Nb (CN) p r e c i p i t a t e s  i n  the  40 t o  5 0 A  s i z e  

range. A t  a f a s t e r  cool ing rate, however, A T "5: = 39 secs, even i n  the  

s t ee l  conta ining 0.14 percent Nb only r e l a t i v e l y  coarse  p r e c i p i t a t e s  were 
observed, and these  were concluded t o  be evidence of incomplete d i s s o l u t i o n  
du r ing  the app l i ca t ion  of the weld thermal cycle.  

800 

The p o t e n t i a l  e f f e c t s  of niobium i n  t h e  H.A.Z. can the re fo re  be sum- 
marized as follows: 

a. Niobium may have a s i g n i f i c a n t  e f f e c t  o n y  g r a i n  s i z e  i n  the  H.A.Z. 
of lower heat  input  welds ( t h i s  w i l l  act t o  decrease  ha rdenab i l i t y ) .  

Niobium i n  s o l u t i o n  w i l l  u sua l ly  i n c r e a s e  ha rdenab i l i t y .  

Nb (CN) may p r e c i p i t a t e  a t  slow cool ing rates. 

b. 

C. 

Niobium Detr imenta l  t o  H.A.Z. Toughness i n  High H e a t  Input  Welds 

The complex i n t e r a c t i n g  e f f e c t s  descr ibed above, make the  p rec i se  
p red ic t ion  of the  r o l e  of niobium i n  any given s i t u a t i o n  d i f f i c u l t ,  and i t  is 
easy t o  understand why the  a v a i l a b l e  l i t e r a t u r e  on t h e  sub jec t  is, a t  f i r s t  
s i g h t ,  so apparent ly  confusing. 

A t  h igher  heat  i npu t s ,  where much of the  niobium is i n  s o l u t i o n  and a t  
slow cool ing rates, where p r e c i p i t a t i o n  e f f e c t s  are l i k e l y  t o  be maximized, 
i t  might be expected t h a t  an o v e r a l l  de t r imen ta l  e f f e c t  of niobium would be 
recorded. This should be p a r t i c u l a r l y  the  case where niobium has only a 
marginal i n f luence  on t ransformat ion behavior as might be expected i n  h igher  
carbon steels (carbon dominating) o r  where niobium a c t u a l l y  depresses  the 
t ransformat ion i n t o  a temperature regime i n  which a poor micros t ructure  is t o  
be expected. 

A good example of the  former category comes from t h e  work of Hannerz 
which, i n  1975, sparked off much of the  cu r ren t  i n t e r e s t  i n  the  e f f e c t s  of 
niobium i n  H.A.Z.'s (31). Hannerz s tud ied  a series of steels conta ining 
.17/.20 percent  C and 1.29/1.40 percent  Mn, and va r i ed  h i s  niobium l e v e l s  
from zero  t o  0.11 percent.  Some of h i s  r e s u l t s  from H.A.Z. thermal s imulat ion 
samples, are reproduced i n  Figure 14, and while t h e r e  were minor changes i n  
gross  micros t ructure ,  Hannerz invoked the  theory of e m b r i t t l i n g  p r e c i p i t a t i o n  
t o  expla in  the  e f f e c t s  observed. I n  the  absence of d i r e c t  evidence f o r  
p r e c i p i t a t i o n ,  Hannerz i n f e r r e d  the r o l e  of t he  latter from the  very marked 
inc reases  i n  hardness recorded i n  the  presence of niobium. 

Dolby (32) on the  o the r  hand, was ab le  t o  exp la in  h i s  H.A.Z. r e s u l t s  
from high hea t  input  e l e c t r o s l a g  welds i n  0.16 percent  C ,  1.2 percent Mn 
steels by not ing t h a t  t he  presence of 0.056 percent  Nb i n h i b i t e d  the  forma- 
t i o n  of pro- eutectoid f e r r i t e  at a u s t e n i t e  g r a i n  boundaries,  and promoted the  
presence of a mic ros t ruc tu re  dominated by f e r r i t e  s i d e  p l a t e s .  This change 
i n  micros t ructure  n a t u r a l l y  r e s u l t e d  i n  poor toughness,  and while Dolby did 
not overlook the  p o s s i b i l i t y  of p r e c i p i t a t i o n  hardening, i t s  presence was not 
an  e s s e n t i a l  f e a t u r e  of an adequate model t o  exp la in  the  de t r imen ta l  e f f e c t s  
of niobium i n  t h i s  ins tance .  
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The Importance of Niobium Level and H.A.Z.  Cooling Rate 

Fortunately, other workers have shown that the overall effect of niobium 
need not always be detrimental and in doing so have illustrated the impor- 
tance of other factors such as total chemical analysis, niobium level, and in 
particular, H.A.Z.  cooling rate. Figure 15 shows some results from work at 
The French Welding Institute (34) on a steel of 0.16 percent C, 1.46 percent 
Mn and 0.043 percent Nb (with a Nb free steel for comparison). Like Hannerz 
(31), this French work relied on the use of thermally simulated samples to 
study the role of H.A.Z .  cooling rate and, as Figure 15 shows, A T 5oo values 
of < 15 secs resulted in excellent toughness in the niobium bearing H . A . Z . ' s .  
This was shown to be associated with a microstructure of predominantly 
autotempered martensite, and only when the cooling rate was progressively 
decreased did lower bainite and subsequently Widmanstatten ferrite appear 
with the resultant deterioration in toughness. 
it is not really possible to comment confidently on what would have happened 
to the C-Mn steel at fast cooling rates since the regime A T 5oo < 20 secs 

has not been adequately covered, but it seems likely that the results would 
have been inferior to those with the niobium bearing steel. 

800 

In this particular study (34) 

800 

That niobium can indeed be beneficial at fast cooling rates (and even 
intermediate cooling rates), has been comprehensively demonstrated by Roth- 
well (35). Figure 16 reproduces some of his results from real welds produced 
by the submerged arc process on 12 mm C(O.O9%), Mn (1.29%) plates of varying 
niobium content. Rothwell used the instrumented Charpy test, and defined the 
transition temperature for each H.A.Z.  as the point at which the fracture 
load/temperature curve intersects the extrapolated yield load/temperature 
line. 

Figure 16 clearly shows the importance of cooling rate, and it is 
noteworthy that, at this lower carbon level, niobium was only detrimental at 

the slowest cooling rate studied. It would appear that at A T 5oo values < 
40 secs niobium could have overall beneficial effects and this lends weight 
to the tentative conclusion drawn earlier from the French Welding Institute 
work. 

800 

Rothwell (36) went on to study the influence of niobium on the H.A.Z .  
transformation characteristics of his experimental steels using a high speed 
dilatomer and an extract from his very detailed results is included in Figure 
17. Note that at very fast cooling rates Nb has no effect on transformation 
temperature but that a significant role is played, particularly in the early 
stages of transformation, as the cooling rate is progressively decreased. 

It is concluded (36) that at the fastest cooling rates when mean (50%) 
transformation temperatures are of the order of 480 C that good toughness can 
be associated with the presence of predominantly martensitic microstructures. 
A s  the cooling rate is decreased, martensite is progressively replaced by 
parallel lath bainitic structures and ultimately when start temperatures rise 
above 680 C grain boundary ferrite appears. The role of niobium therefore 
depends, as in the case of weld metals (see Section 3.5), on what the H.A.Z .  
microstructure was in the absence of this element, and that, of course, 
depends on overall chemistry and cooling rate. 
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Carbon Content and Transformation Behavior of Niobium Bearing Heat Affected 
Zones - 

The dominant e f f e c t  of carbon i n  r e l a t i o n  t o  t h e  importance of niobium 
is w e l l  i l l u s t r a t e d  by the  very extensive  i n v e s t i g a t i o n  c a r r i e d  out by 
Rothwell b Bonomo (37). and Figures 18 and 19 present  some of t h e i r  thermal 
s imulat ion r e s u l t s  at carbon l e v e l s  below and above t h a t  d iscussed i n  4.5. 

Figure  18 shows t h a t  a s  i n  the  e a r l i e r  work on 0.095 percent C s t e e l s  
repor ted by Rothwell (36) niobium is  again b e n e f i c i a l  a t  t h e  0.052 percent C 

l e v e l  except atA T 5oo > 30 secs.  

percent  niobium is detr imental  over the  f u l l  range of cool ing r a t e s  s tudied.  
Rothwell b Bonomo show t h a t  a t  even higher carbon l e v e l s  i n  p l a i n  C-Mn s t e e l s  
t h i s  t rend continues and t h e i r  r e s u l t s  the re fo re  agree wi th  those of Hannerz 
(31) who recorded the  detr imental  e f f e c t s  shown i n  Figure 14 a t  the  0.18 
percent C l eve l .  

800 However, a t  a carbon l e v e l  of 0.13 

A s  is shown i n  Figure 19, carbon has a powerful in f luence  on the  e f f e c t  
of niobium on H.A.Z. transformation temperature. A t  t h e  0.052 percent C 
l e v e l  the  presence of 0.057 percent Nb depresses t h e  mean t ransformat ion 

temperature by 30 t o  50 C over the  complete cool ing range, and the  e f f e c t  of 

A T 5oo i s  c l e a r l y  secondary. 

has  v i r t u a l l y  no e f f e c t  and transformation temperature appears t o  be g rea t ly  
inf luenced by HA2 cooling rate. Cross reference wi th  Figure  17 from Roth- 
w e l l ' s  (36) 0.095 percent C ,  H.A.Z.'s i n d i c a t e s  a c l e a r  and cons i s t en t  t rend,  
and i t  is obvious t h a t  an understanding of the  importance of both C and Nb 
( a t  any given Mn l e v e l )  is  e s s e n t i a l  i f  a l l  t h e  a v a i l a b l e  r e s u l t s  i n  the  
l i t e r a t u r e  are t o  be r a t iona l i zed .  

800 However, a t  t he  0.13 percent C l e v e l  niobium 

A t  the  lowest carbon l e v e l ,  0.052 percent ,  t h e  t ransformat ion temperature 
800 is high & 550'C) even at the  f a s t e s t  cooling r a t e  b T 5oo = 5 secs)  and the  

suggest ion i n  Rothwell b Bonomo's paper (37) t h a t  the  H.A.Z. microst ructure  
is  upper b a i n i t i c  is c l e a r l y  correct .  The add i t ion  of niobium drops the  
transformation temperature a t  t h e  same cool ing r a t e  t o  j u s t  over 500 C (see  
Figure 19),  and the  toughness improves probably a s  a r e s u l t  of t h e  replace- 
ment of t h e  b a i n i t e  wi th  low carbon autotempered matensite.  

However, a t  a carbon l e v e l  of 0.13 percent ,  t he  s i t u a t i o n  is  much more 
carbon con t ro l l ed  and s ince ,  a s  shown i n  Figure  19, the re  a r e  only minor 
e f f e c t s  of niobium on t ransformat ion temperature,  the  toughness trends shown 
i n  Figure 18 must be ind ica t ive  of e i t h e r  more s u b t l e  e f f e c t s  of niobium on 
microst ructure  and probably, at slower cool ing rates, t h e  inf luence of 
p r e c i p i t a t i o n  hardening. 

I n  C-Mn steels a t  the  0.13 percent C l e v e l ,  t h e  t r a n s i t i o n  from upper t o  
lower b a i n i t e  takes  place  i n  t h e  440 t o  480 C temperature range (38),  but the  
p rec i se  temperature may vary f o r  d i f f e r e n t  a u s t e n i t e  g r a i n  s i z e s  and niobium 
l e v e l s ,  thus i n  the  400 t o  500 C range, var ious  mixtures of upper and lower 
b a i n i t e  a r e  poss ible .  

With o r  without niobium, once the  t ransformat ion temperature is below 
about 430 C mixtures of lower b a i n i t e  and autotempered mar tens i t e  would be 
expected a t  the  0.13 percent carbon l e v e l  and good toughness should be, and 
i n  f a c t  is ,  observed ( see  Figure 18). 
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Further  Alloying To Control the Toughness of Niobium Bearing H.A.Z.'s 

It is clear from the  above considera t ions  that t ransformat ion tempera- 
t u r e  is of primary importance, and t h a t  Nb may appear t o  be b e n e f i c i a l  or  
de t r imen ta l  depending on a v a r i e t y  of o the r  compositional and thermal h i s t o r y  
va r i ab le s .  However, by understanding the  p o t e n t i a l  e f f e c t s  of Nb i t  is 
f r equen t ly  poss ible  by the  jud ic ious  use of o the r  minor a l l o y i n g  elements t o  
t a i l o r  the  steel composition t o  s u i t  a p a r t i c u l a r  set of welding circum- 
s tances  and the re  are var ious  examples of t h i s  i n  the  l i t e r a t u r e .  

Jesseman and Schmid (39) have provided a u s e f u l  i l l u s t r a t i o n  of t h i s  
approach f o r  welds i n  12.7mm sh ip  p l a t e .  They observed t h a t ,  i n  0.12 percent 
C ,  1.5 percent  Mn, 0.25 percent N i ,  0.2 percent Cu aluminum k i l l e d  steel ,  an 
add i t ion  of 0.05 percent  niobium was s p e c i f i c a l l y  b e n e f i c i a l  t o  coarse 
grained H.A.Z. toughness over the  heat  input  range 1-3 KJ/mm. A few of t h e i r  
r e s u l t s  are reproduced below t o  i l l u s t r a t e  t h i s  point .  

Without 
Niobium 

With 
Niobium 

HEAT INPUT TEMPERATURE 
KJ/mm FOR 27 JOULES 

1.0 < - 60DC 
3.0 - 40°C 

1.0 
3.0 

- 75OC 
- 60°C 

For tuna te ly  Jesseman and Schmid (39) took the  t roub le  t o  study the  
a s soc ia t ed  mic ros t ruc tu ra l  changes which occured when Nb was added and they 
made the  fo l lowing observations.  

In the 2 t o  3 KJ/mm range the  improvement due t o  the  add i t ion  of Nb was 
pr imar i ly  a t t r i b u t e d  t o  the  replacement of coarse  upper b a i n i t e  or f e r r i t e  
s i d e  p l a t e  microsructures  with e i t h e r  p a r t i a l l y  a c i c u l a r  or  lower b a i n i t i c  
micros t ructures  with a f i n e r  colony s ize .  A t  t he  lower heat  i npu t ,  1 KJ/mm, 
the  cool ing rate w a s  s u f f i c i e n t l y  f a s t  t o  produce martens i te / lower  b a i n i t e  
even i n  t h e  Nb f r e e  H.A.Z. and the  add i t ion  of the  la t ter ,  the re fo re ,  pro- 
duced a similar mic ros t ruc tu re ,  but with a reduced colony s i z e  (perhaps as a 
r e s u l t  of a u s t e n i t e  g r a i n  growth i n h i b i t i o n  due t o  the presence of Nb (CN) 
p r e c i p i t a t e s ) .  

It is important t o  note  t h a t  i f  Cu and N i  had not been present  then at  
t h i s  carbon l e v e l  (0.12%), as noted in earlier, a q u i t e  d i f f e r e n t  5o1e of 
niobium would probably have been recorded. 

Shiga et a1 (40) have i l l u s t r a t e d  similar b e n e f i c i a l  e f f e c t s  of niobium 
i n  Cu and N i  t r e a t e d  l i nep ipe  steels (0.057% C ,  1.70% h) and i n  f a c t  have 
shown t h a t  a to l e rance  t o  very high l e v e l s  of niobium can be r e a l i z e d ,  see 
Figure 20. This observat ion could have important imp l i ca t ions  fo r  the  
development of a new generat ion of p e a r l i t e  reduced hot r o l l e d  H.S.L.A. 
l i nep ipe  steels which could provide AF'I-5L-X65 o r  X70 p rope r t i e s  without 
con t ro l l ed  r o l l i n g .  Considerable welding work on such steels has a l ready 
been c o l l a t e d  and repor ted  by Gray and S t u a r t  ( 4 1 1 ,  and the  progress  of t h i s  
development will be i n t e r e s t i n g  t o  monitor. 
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P r e c i p i t a t i o n  Hardening Embritt lement During S t r e s s  Rel ief  

A s  wi th  weld metals, p r e c i p i t a t i o n  hardening i n  niobium bea r ing  H.A.Z.'s 
is  d i f f e r e n t  t o  avoid on stress r e l i e f ,  and as shown by va r ious  au thor s  
including Rothwell ( 3 5 ) ,  i t  can produce marked de t r imen ta l  e f f e c t s  on tough- 
ness ,  see Figure  21. Rothwell has demonstrated how t h i s  embri t t lement  is 
as soc ia t ed  with s i g n i f i c a n t  i nc reases  i n  H.A.Z. hardness ( see  Figure  22) and 
has  concluded, reasonably ,  bear ing i n  mind the  observat ions  of Hannerz ( 3 1 )  
and Weatherly ( 3 3 ) ,  t h a t  p r e c i p i t a t i o n  hardening is responsible .  I n  f a c t ,  
F igure  22 shows how t h e  a d d i t i o n  of niobium has a much g r e a t e r  e f f e c t  on 
stress re l i eved  H.A.Z. hardness than i t  has i n  the  as welded cond i t ion ,  and 
these  r e s u l t s  can only be expla ined by a s i g n i f i c a n t  p r e c i p i t a t i o n  hardening 
contr ibut ion.  

I n  the  case of weld metals, i t  was shown how a l loy ing  wi th  boron could 
o f f s e t  some of t h e  worst  e f f e c t s  of p r e c i p i t a t i o n  dur ing stress r e l i e f  (see 
3 . 7 ) ,  but i n  the  case of t h e  H.A.Z. it is much more d i f f i c u l t  t o  conceive a 
success fu l  approach a long these  l i n e s .  There are, however, of course many 
b e n e f i c i a l  e f f f e c t s  of stress r e l i e f  and the  precise r o l e  of niobium w i l l  
depend on what t h e  mic ros t ruc tu re  of the  H.A.Z. is i n  any given s i t u a t i o n .  
Niobium bear ing steels are widely used i n  many stress r e l i e v e d  a p p l i c a t i o n s ,  
and i t  is suggested t h a t  ca re  need only be taken when the  s p e c i f i c a t i o n  
toughness requirements are p a r t i c u l a r l y  onerous o r  where new unfami l i a r  s tee l  
types,  with h igher  niobium l e v e l s ,  are being considered f o r  t h e  f i r s t  t i m e .  

Summary and Concluding Remarks 

This review sugges t s  t h a t  niobium has  no s i g n i f i c a n t  e f f e c t s  on gene ra l  
aspects of we ldab i l i t y  such as hea t  a f f e c t e d  zone hydrogen cracking,  l iqua-  
t i o n  cracking o r  weld metal s o l i d i f i c a t i o n  cracking,  and t h a t  the controversy  
i n  earlier l i t e r a t u r e  relates exc lus ive ly  t o  i ts  in f luence  on weld metal and 
heat a f f e c t e d  zone toughness. 

It has been demonstrated f o r  both weld metal and the  heat a f f e c t e d  zone, 
t h a t  toughness depends p r imar i ly  on mic ros t ruc tu re ,  which i n  t u r n ,  depends on 
hardenab i l i t y  and r e l a t e d  t ransformat ion temperature.  The r o l e  of a micro- 
a l loy ing  element such as niobium i s  the re fo re  complex, and w i l l  be markedly 
inf luenced by o the r  compositional and welding procedural  va r i ab le s .  

For weld metals, t h e  importance of o v e r a l l  composition i n  terms of 
carbon and manganese l e v e l  has been emphasized and s p e c i a l  f a c t o r s  r e l a t e d  t o  
ind iv idua l  welding processes  have been h igh l igh ted ,  e.g. t h e  r o l e  of f l u x  
s e l e c t i o n  i n  submerged arc welding which c o n t r o l s  the oxygen l e v e l  i n  the  
depos i t ,  and f o r  manual metal arc welding, t he  s i g n i f i c a n c e  of t h e  multi- run 
nature  of t he  depos i t  ( r e s u l t i n g  i n  increased volumes of reheated weld 
metal) .  

It has been shown that niobium is j u s t  as l i k e l y  t o  improve weld metal 
toughness as t o  impair  i t ,  and it  is concluded t h a t  t he  l i t e r a t u r e  of t he  
la te  S i x t i e s  and e a r l y  Sevent ies  w a s  unduly pess imis t i c ,  simply because t h e  
s i t u a t i o n s  s t u d i e d  were those  where, i n  t h e  l i g h t  of later exper ience ,  a 
det r imenta l  e f f e c t  could have been a n t i c i p a t e d ,  i.e. moderately high hea t  
input welds i n  high carbon lower manganese steels. 
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Simi la r ly ,  t he  e a r l y  observat ions  on the  e f f e c t  of niobium on H.A.Z.  
toughness which painted a black p i c t u r e  can now be understood and apprec ia t ed  
i n  t h e i r  proper context.  A s  f o r  the  weld metal, many of these  e a r l y  observa- 
t i o n s  were from compositions and a t  hea t  i npu t s  where we would now expect t o  
record a de t r imen ta l  e f f e c t  of niobium, and i t  has been shown t h a t  t h e r e  are 
many s i t u a t i o n s  i n  which niobium is s p e c i f i c a l l y  bene f i c i a l .  

The r o l e  of o v e r a l l  a n a l y s i s ,  and i n  p a r t i c u l a r  t he  importance of carbon 
content  i n  c o n t r o l l i n g  t ransformat ion temperature and mic ros t ruc tu re  of t h e  
H.A.Z. ,  has again  been emphasized and it  is  shown how the  e f f e c t s  of niobium 
can be expected t o  vary over a wide range of p l a t e  compositions and welding 
condi t ions .  

The r o l e  of p r e c i p i t a t i o n  hardening embrit t lement has been considered 
f o r  both the  weld metal and the  hea t  a f f e c t e d  zone, and it  has  been suggested 
t h a t  i n  the  "as welded" cond i t ion  t h i s  is only l i k e l y  t o  play a s i g n i f i c a n t  
r o l e  i n  slow cool ing s i t u a t i o n s ,  e.g. i n  h igh heat  input  submerged arc 
welding o r  i n  e l e c t r o s l a g  welding. I n  t h e  stress re l i eved  cond i t ion ,  how- 
ever ,  care must be taken, and it is probable t h a t  Nb (CN) p r e c i p i t a t i o n  w i l l  
occur t o  some ex ten t .  Whether o r  not t h i s  w i l l  produce o v e r a l l  de t r imen ta l  
e f f e c t s  depends on many o t h e r  f a c t o r s  and these  are adequate ly  d iscussed i n  
t h e  t ex t .  It should ,  however, be noted t h a t ,  a t  least f o r  weld metals, t h e r e  
are many s i t u a t i o n s  i n  which the  o v e r a l l  e f f e c t  of stress r e l i e f  is bene- 
f i c i a l  and the  reasons f o r  t h i s  have been discussed. 

F i n a l l y ,  i t  is suggested that niobium is no more, and no less important 
i n  the  steel a n a l y s i s  than carbon, manganese, n i cke l  and molybdenum, and t h a t  
i f  steelmaking economics d i c t a t e ,  o r  favor  the  s e l e c t i o n  of a niobium t r e a t e d  
steel f o r  a p a r t i c u l a r  a p p l i c a t i o n ,  it should be poss ib l e ,  with a knowledge 
of the  welding thermal cyc le  t o  be m e t  wi th  i n  p r a c t i c e ,  f o r  t he  welding 
m e t a l l u r g i s t  and s tee lmaker ,  between them, t o  t a i l o r  the o v e r a l l  composition 
t o  provide a s a t i s f a c t o r y  product. 

Progress  towards the  most e f f i c i e n t  use of niobium w i l l ,  t h e r e f o r e ,  only 
be made when the  l i a i s o n  between end u s e r s  and s tee lmakers  is improved and it 
should be recorded that t h e r e  are many s igns  that t h i s  has begun t o  happen 
over the pas t  few years .  We should t h e r e f o r e  be o p t i m i s t i c  i n  the p resen t  
decade, and it  is hoped t h a t  the  increased knowledge now a v a i l a b l e  w i l l  be 
r e f l e c t e d  i n  f u t u r e  pub l i ca t ions  and s p e c i f i c a t i o n s ,  and t h a t  a more balanced 
view of the  r o l e  of elements such as niobium, w i l l  be seen t o  evolve.  
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