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Interst i t ial  elements are  considered the most  harmful impurit ies in r e f r ac to ry  metals  of groups VA 
and VIA [1-5]. As a general  rule, with increas ing amounts of intersti t ial  impurit ies the duct i le- to-br i t t le  
t ransi t ion tempera ture  r i ses  sharply,  the res i s tance  to impact loading decreases ,  and the technological 
properties are impaired. 

Some investigators [2, 3] have concluded that all the refractory metals of groups VA and VIA are duc- 
tile at low temperatures when the concentration of interstitial elements (C, N, O, H) does not exceed the 
solubility limit at the testing temperature; an increase of the concentration of interstitial elements to the 
solubility limit at high temperatures also promotes strong embrittlement. 

Thus, all interstitial impurities (as solute or second phase) are equally harmful for metals of groups 
VA andVIA. To prevent brittleness of these metals at low temperatures it is recommended that the inter- 
stitial impurities be eliminated. 

However, a more detailed analysis of the experimental data cited in the review [3] and elsewhere 
[6-11] indicates that there are other reasons for the embrittlement of refractory metals of group VIA. 

Let us examine the results on the effect of interstitial elements on the low-temperature properties 
of VA metals, leaving hydrogen aside, since the variation of its solubility in these metals with temperature 
differs sharply from that of the other interstitial elements. 

Figure 1 shows the variation of the ductile-to-brittle transition temperature of niobium and vanadium 
with the concentrations of oxygen, nitrogen, and carbon. 

The variation of the ductile-to-brittle transition temperature with the impurity concentration differs 
for each interstitial element. In niobium the sharpest increase in the transition temperature is induced by 
nitrogen, which has a relatively low solubility at low temperatures (see Table I)~ Oxygen, which has a 
higher solubility than nitrogen at low temperatures, induces a smaller increase of the transition temper- 
ature. 
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Fig. 1. Variat ion of cold br i t t leness  with the 
concentrat ion of oxygen, nitrogen, and c a r -  
bon [3]. a) Niobium; b) vanadium. 

Carbon, which is prac t ica l ly  insoluble in niobium at 
t empera tures  near  20~ has almost  no effect on the cold 
br i t t leness  tempera ture .  The binary  alloy Nb + 0.035 C 
(wt.%) melted in an e lectr ic  arc  furnace has a relative r e -  
duction in section of 50% at 200~ [6]. The presence  of a 
small  amount of carbide in niobium impairs  only its capac-  
ity for  plast ic  deformation at 20~ 

In vanadium the solubility of carbon at low t emper -  
a tures  is approximately an order  higher than in niobium 
and is close to the solubility of oxygen and nitrogen; carbon 
ra i ses  the transit ion tempera ture  to approximately the same 
extent as oxygen or nitrogen. 

Thus, the duct i le- to-br i t t le  t ransi t ion tempera ture  of 
VA metals  is increased only by those interst i t ial  elements 
whose solubility in the solid state at low tempera tures  is a 
measurable  value. 

Translated from Metallovedenie i Termicheskaya Obrabotka Metallov, No. 1, pp. 14-18, January, 
1969. 
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TABLE 1 

Limit solubility in solid [ Source of 
Solvent Solubility, wt, % [ state, wt. % [ data 

V 
Nb 
Ta 
Cr 
Mo 
W 

V 
Nb 
Ta 
Cr 
Mo 
W 

V �84 

Nb 
Ta 
Cr 
Mo 
W 

Oxygen 

0,5 (1500 ~ C) 
0,25 (775 ~ C); 1,0 (1100 ~ C) 
0,09 (500 ~ C); 0,5 (1500 ~ C) 

0,03 (1350 ~ C) 
0,008 (1500 ~ C) 
0,005 (1700 ~ C) 

Nitrogen 
1,0 (500 ~ 1,0 (1500 ~ 
0,1 (500 ~ C); 0,4 (:500 ~ C) 
0,2 (200 ~ C); 0,7 (1600 ~ C) 

0,028 (1000 ~ C); 0,26 (1400 ~ C) 
0,002 (1500 ~ C) 

0,19 �9 10 -4 (1600 ~ C) 

Carbon 
0,2 (:000 o c) 

0,0025 (500 ~ c); 0,05 (1500 ~ c) 
0,0o2 (1500 o c)  

0,006 (5000 C); 0,32 (1500 ~ C) 
o,ool (5oo c); 0,03 (165o 0 c) 

~0,008 (1800 ~ C) 

1,25 

0,7 

0,012 

2,5 
1,06 (2200 ~ C) 

4,0 
0,012 

0,38 �9 10 -3 (2400 ~ C) 

~0,7 (1650 ~ C) 
0,8 

0,42 (2600 ~ C) 

0,15 (2100 ~ C) 
0,06 (2600 ~ C) 

[191 
[121 
[:51 
[121 
[161 

[3, 121 

[12] 
[31 
[181 
[121 
[16] 
[12] 

[12, 341 
[171 
[131 
[121 
1301 

F o r  n iob ium and t an t a lum [3, 7] t h e s e  e l e m e n t s  a r e  oxygen and n i t r o g e n ;  fo r  v a n a d i u m  they  a r e  oxy -  
gen,  n i t r o g e n ,  and c a r b o n .  

A n a l y s i s  of the  cold  b r i t t l e n e s s - i n t e r s t i t i a l  i m p u r i t y  c o n c e n t r a t i o n  c u r v e s  i n d i c a t e s  tha t  the  s h a r p e s t  
i n c r e a s e  of the d u c t i l e - t o - b r i t t l e  t e m p e r a t u r e  is  in the r e g i o n  of so l id  s o l u t i o n s .  The  i n c r e a s e  is  l e s s  s i g -  
n i f i can t  beyond  the s o l u b i l i t y  l i m i t s  fo r  any of the e l e m e n t s .  When the s o l u b i l i t y  of the  i n t e r s t i t i a l  e l e m e n t  
in m e t a l s  of a g iven  group  is low (ca rbon  in n iobium)  the d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  f o r  m e -  
t a l s  of g r o u p V A  h a r d l y  i n c r e a s e s .  In th is  r e s p e c t  the  e f f ec t  of i n t e r s t i t i a l  e l e m e n t s  on the p r o p e r t i e s  of 
r e f r a c t o r y  m e t a l s  of g roup  V I A a t  low t e m p e r a t u r e s  is  c h a r a c t e r i z e d  as  fo l l ows :  

1. The  inf luence  of i n t e r s t i t i a l  e l e m e n t s  on the co ld  b r i t t l e n e s s  t e m p e r a t u r e  of the m e t a l s  is  m o s t  
h a r m f u l  when they  a r e  in so lu t ion .  

2. In the  f o r m  of i s o l a t e d  p a r t i c l e s  of s e c o n d  p h a s e  the i n t e r s t i t i a l  e l e m e n t s  have a n e g l i g i b l e  i n -  
f l uence  on the co ld  b r i t t l e n e s s  t e m p e r a t u r e .  

3. The  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  of m e t a l s  depends  on the c o n c e n t r a t i o n  of i n t e r s t i t i a l  
e l e m e n t s  and fo l lows  K u r n a k o v ' s  r u l e  in the s a m e  m a n n e r  as  o t h e r  p r o p e r t i e s .  

4.  The  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e  m u s t  be  v e r y  s e n s i t i v e  to the  s t r u c t u r a l  cond i t ion  of 
a l l o y s .  On quenching  to the  s o l i d  s o l u t i o n  i t  m u s t  be  h ighe r  than  in s low coo l ing ,  l e a d ing  to h e t e r o g e n i z a t i o n  
of the  s t r u c t u r e .  

A l l  t h e s e  s t a t e m e n t s  can  be  a p p l i e d  as  we l l  to r e f r a c t o r y  m e t a l s  of g roup  VI, s i n c e  the  p r i n c i p l e s  of 
the  v a r i a t i o n  of the p r o p e r t i e s  of m e t a l l i c  a l l o y s  wi th  the  c o m p o s i t i o n  tha t  w e r e  found b y  N. S. Kurnakov  a r e  
g e n e r a l  fo r  a l l  a l l o y s .  

The  s o l u b i l i t y  of i n t e r s t i t i a l  e l e m e n t s  in m e t a l s  of g roup  VI a t  low t e m p e r a t u r e s  is i n f i n i t e s i m a l l y  
s m a l l .  A l l o y s  of tungs ten ,  m o l y b d e n u m ,  and c h r o m i u m  con ta in ing  a s m a l l  amoun t  of c a rbon ,  n i t r o g e n ,  
and  oxygen  should ,  in the e q u i l i b r i u m  cond i t ion ,  have a l m o s t  the s a m e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  t e m p e r -  
a t u r e s  a s  the r e s p e c t i v e  b a s i c  c o m p o n e n t s ,  i . e . ,  the e f f ec t  of t h e s e  i m p u r i t i e s  on the co ld  b r i t t l e n e s s  t e m -  
p e r a t u r e  of m e t a l s  of th is  g roup  shou ld  b e  v e r y  s l i g h t  ( a p p r o x i m a t e l y  the s a m e  as  In the Nb--C s y s t e m ) .  

H o w e v e r ,  the e x p e r i m e n t a l  d a t a  show tha t  the co ld  b r i t t l e n e s s  t e m p e r a t u r e  of c a s t  m o l y b d e n u m  in -  
c r e a s e s  v e r y  s h a r p l y  wi th  i n c r e a s i n g  amoun t s  of oxygen and de pe nds  v e r y  l i t t l e  on the  c o n c e n t r a t i o n  of 
o the r  e l e m e n t s .  An i n c r e a s e  of the cold  b r i t t l e n e s s  t e m p e r a t u r e  (by about  150~ when the c a r b o n  c o n c e n -  
t r a t i o n  was  i n c r e a s e d  f r o m  0.004 to 0.008% has b e e n  noted in co ld  w o r k e d  m e t a l  [9]. 

The  t r a n s i t i o n  t e m p e r a t u r e  of c h r o m i u m  is  r a i s e d  s u b s t a n t i a l l y  by  n i t r o g e n  and c a r b o n  [8, 10, 11, 21-  
23], whi le  oxygen has  a l m o s t  no e f f ec t .  N i t r o g e n  s h a r p l y  i n c r e a s e s  the  t r a n s i t i o n  t e m p e r a t u r e  of p o l y c r y s -  
t a l l i n e  c h r o m i u m  only in the co ld  w o r k e d  and quenched  cond i t i ons ;  when c h r o m i u m  is coo led  in the  f u r n a c e ,  
n i t r o g e n  has  no e f f ec t  [8, 23]. 
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In a study of the effect of interstitial elements on the low-temperature properties of single crystals 
and polycrystalline aggregates of tungsten it was found [24] that the transition temperature depends more 
on the grain boundaries than on nitrogen, oxygen, or carbon impurities. 

Thus, the cold brittleness temperature of VIA metals is not strictly dependent on the concentration 
of interstitial elements. In addition, its variation with the heat treatment follows Kurnakov's rule. 

This serves as the basis for the assumption that impurities of most interstitial elements do not have 
a direct influence on the plastic properties of refractory metals of group VIA. The negative influence of 
small quantities of them on the cold brittleness temperature of tungsten, molybdenum, and chromium is 
indirect and is the result of the presence of other impurities that also determine the properties o5 VIA 
metals at low temperatures. 

It is considered that the embrittlement mechanism of refractory metals of group VIA is of the adsorp- 
tion type [3-5, 25]. According to data in [3-5], the main participants in adsorption enrichment of the grain 
boundaries are interstitial elements, since their atoms have a high diffusion mobility by comparison with 
the atoms of substitution elements. 

Their segregation in the grain boundaries around crystallites results in shells of hardened solid solu- 
tion consistIng of atoms of the base metal and the interstitial elements that block the movement of disloca- 
tions and thus lead to brittle fracture of the metals [4]. However, atoms of interstitial elements are not 
independently adsorbed in the grain boundaries [26], which was confirmed in [27, 28]. Substitution elements 
are the main participants in adsorption enrichment of the intergranular boundaries. The segregation of in- 
terstitial elements in the grain boundaries of polycrystalline materials, as was shown in an investigation 
of the brittleness of grains of intermetallie compounds [29, 30], can occur'only under certain favorable con- 
ditions -- in the presence of impurities with a high chemical activity toward the interstitial elements. The 
statement in [4] that shells of hardened solid solution consisting only of interstitial atoms and atoms of the 
base metal are formed around grains of refractory metals of group VIA gives rise to doubts. 

The first shells of solid solution to form in the grain boundaries of these metals should be formed 
from atoms of the base metal and the substitution elements existing in it. The latter, in the case of an 
elevated chemical activity toward interstitial elements as compared with the base metal, can act as a sort 
of ~internal getter" [3] and promote additional complication of the chemical composition of these shells. 

The interstitial elements in metals of group VIA can be considered as associated impurities, the con- 
centration of which depends not so much on the limits of their solubilities in the solid solution as on the con- 
centration of substitution elements that interact with them. This pertains to oxygen and nitrogen, the basic 
components of the atmosphere, with which all metals come in contact to one degree or another during metal- 
lurgical process ing .  

The effect of the puri ty of the metal  on the amount of solute oxygen has been shown in the case of iron 
[32]. In very  pure iron, obtained by zone melting, oxygen is a lmost  insoluble; in contaminated iron, obtained 
by the e lectrolyt ic  method, the solubility is quite measurable .  

In tercrys ta l l ine  internal adsorption of impuri t ies,  as is well known, can occur in any metal ,  including 
metals  of groupVA. However, it was found in [32] that the plast ic  proper t ies  of VA metals  after annealing 
at t empera tures  of intensive development of in tercrysta l l ine  internal adsorption not only do not decrease  but 
even increase .  

The reason for such a difference in the metals  of groups VA and VIA is the difference in the solubili-  
ties of interst i t ial  elements,  pa r t i cu la r ly  oxygen and nitrogen. In view of the exceedingly slight solubilities 
of these elements in chromium, tungsten, and molybdenum at low tempera tures ,  the atoms of these metals  
are  a lmost  incapable of retaining the atoms of intersti t ial  elements around them. Therefore ,  when atoms 
of interst i t ial  elements penetrate  into the depth of these metals  (into Intercrysta l l ine  areas)  they interact  
with atoms of impurity elements and are s trongly held by e lec t ros ta t ic  at tract ion.  

The solubility of oxygen and nitrogen in metals  of group VA is far  higher than in metals  of group VIA. 
For  this reason the atoms of nitrogen and oxygen penetrat ing into these metals  are  distributed evenly through- 
out the body of the grain  and are  held in that position by the atoms of the base metal .  As the result ,  the 
grain boundaries in metals of group VA are  enriched only in impurit ies of substitution elements.  Therefore ,  
no significant change in the low- tempera ture  proper t ies  of VA meta ls  is observed even at relat ively high 
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impurity concentrations in intercrystalline transition zones. The fact that a large volume of the body of 
the grains is free of them even promotes an increase of ductility. 

It should be noted that under favorable conditions such impurities can conduct oxygen and nitrogen 
into the bulk of the metal and promote embrittlement of refractory metals of groupVA. 
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