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Abstrac t  

The kinetics of removing oxygen and carbon from liquid molybdenum in the process of 
high-frequency levitation in vacuum has been studied. The range of the concentrations 
of both impurities was 10-4-5 × 10-8%. It has been shown that samples of molybdenum 
with predetermined low contents of oxygen and carbon can be obtained. The effective 
rate constant of oxygen release from liquid molybdenum has been determined. 

1. I n t r o d u c t i o n  

New app l i ca t ions  of  r e f rac to ry  me ta l s  i m p o s e  specif ic  d e m a n d s  on  the i r  
impur i ty  conten ts .  Such impuri t ies  as ca rbon ,  o x y g e n  and  o the r  inters t i t ia ls  
have  a dec is ive  effect  on the  phys ica l  and  m e c h a n i c a l  p r o p e r t i e s  of  r e f r ac to ry  
me ta l s  (of  m o l y b d e n u m  and tungs ten  par t icular ly) .  This  g e n e r a t e d  a need  
for  a sha rp  dec r ea s e  in the  interst i t ial  impur i ty  concen t ra t ion .  As a ni le ,  the  
con ten t  o f  n i t rogen  in ingots  of  m o l y b d e n u m  and  tungs ten  ob ta ined  f r o m  
v a c u u m  m e l t  does  no t  prac t ica l ly  e x c e e d  1 p .p .m;  t he re fo re  the  p r o b l e m  
can  be r e d u c e d  to  r e m o v i n g  bo th  o x y g e n  and  carbon.  Since oxygen  d e s o r b s  
f r o m  the  su r face  of  r e f r ac to ry  me ta l s  in the  f o r m  of  ox ides  or  in the  a tomic  
s ta te ,  a dec r ea s e  in the  concen t ra t ions  of  o x y g e n  and  ca rbon  o c c u r s  due to  
two c o m p e t i n g  f luxes of  desorp t ion .  I t  is ev iden t  tha t  the  densi t ies  o f  t hese  
f luxes and  the i r  d e p e n d e n c e  on  the  initial and  ac tual  oxygen  and  c a r b o n  
concen t ra t ions ,  t e m p e r a t u r e ,  s amp le  g e o m e t r y  and  on  the  res idual  CO p r e s s u r e  
in the  v a c u u m  c h a m b e r  should  define the  probabi l i t i es  o f  p r e p a r i n g  highly 
oxygen-  and  ca rbon- f r ee  re f rac to ry  meta ls .  

The  theore t i ca l  a s p e c t s  of  in te rac t ion  of  impur i t ies  o f  different  na tu res  
( o x y g e n  and  ca rbon )  in the  p r o c e s s  o f  the i r  de so rp t i on  f r o m  the  su r face  of  
r e f r ac to ry  m e t a l s  a t  h igh  t e m p e r a t u r e s  in v a c u u m  have  b e e n  cons ide red  in 
detai l  in refs .  1 and  2. The  validi ty of  the  m o d e l  r e p r e s e n t a t i o n s  d e v e l o p e d  
has  b e e n  p r o v e d  on  an  e x a m p l e  of  l iquid n iob ium levi ta ted in v a c u u m  and 
d o p e d  p rec i se ly  wi th  o x y g e n  and  ca rbon .  However ,  no  sys t ema t i c  s tudy  of  
kinet ic  s ingular i t ies  o f  the  oxygen  and  c a r b o n  re lease  f r o m  m o l y b d e n u m  and  
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tungsten has been carried out so far, which is mostly due to insufficient 
reliability of experimental and analytical methods. 

One of the basic criteria determining the possible decrease in the oxygen 
and carbon content in refractory metals is the equilibrium constant Kp for 
the C ÷ O ~ CO reaction. Having the data on Kp for molybdenum in mind 
one expects to observe very low concentrations of oxygen and carbon in 
molybdenum even at very high partial pressures of CO. It has been assumed 
that, when one of the two impurity elements is introduced in excess, the 
content of the other in the process of vacuum melting should be extremely 
low. However, the attempts made to establish a correlation between the 
initial ratios of the concentrations of oxygen and carbon and minimal 
concentrations of these impurities, which can be achieved in the process of 
high-temperatur~ treatment of liquid metal in vacuum, resulted in essential 
discrepancies between the estimates and the experimental results. 

There are two reasons for these discrepancies. First, the diffusion 
deceleration of  the impurity transport to the metal-vacuum interface surface 
and a small specific surface of the liquid metal may cause a decrease in the 
rate of impurity release and, accordingly, to the extended duration of the 
process [3, 4]. In contrast, increase in the number of paths of diffusion may 
lead to a decrease of the impurity flow to the interface in the square-law 
variation. The authors of ref. 5 have proposed different versions of optimal 
initial concentrations of the surplus carbon for the effective removal of carbon 
or both impurities during vacuum melting. Second, marked discrepancies 
between the experimental results and those derived thermodynamically under 
certain vacuum conditions may be due to insufficient sensitivity of the analytical 
methods employed. For instance, the results of earlier studies, in which it 
was supl~osed that the C + O - ~ C O  reaction slows down drastically with 
diminishing actual concentrations of oxygen and carbon down to the values 
corresponding to some critical product [C] × [O], were not supported in the 
related experiments, when different methods of vacuum melting and advance 
analytical methods of impurity control were used [6, 7]. 

In this paper some results of investigations on the kinetics of the oxygen 
and carbon release from liquid molybdenum in high vacuum using highly 
sensitive activation analyses are presented. 

2. Exper imenta l  procedure 

2.1. Samples 
In order to obtain samples with the given contents of oxygen and carbon 

the following technique was used. It involved the process of preparing a 
mixture of powder components with no more than 5% deviation from the 
given content and pressing the powders to tablets of 28 ± 0.25 g. The compacted 
samples had 80% of the theoretical density. Twelve series of samples were 
prepared for three concentration levels of oxygen and carbon (Table 1). The 
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TABLE 1 

The initial oxygen and carbon contents (%) in samples of molybdenum for vacuum levitation 

Series Oxygen Carbon O:C 
content content ratio 

1 3 0.04 75.00 
2 3 1.48 2.02 
3 3 1.84 1.63 
4 3 2.24 1.34 
5 3 2.64 1.14 
6 3 2.36 1.27 
7 3.0 2.48 1.21 
8 0.3 0.22 1.36 
9 0.3 0.24 1.25 

10 0.3 0.27 1.11 
11 0.03 0.024 1.25 
12 0.03 0.032 0.94 

s a m p l e s  o f  se r ies  11 and  12 were  p r e p a r e d  f rom c o m m e r c i a l  m o l y b d e n u m  
with  the  s a m e  dev ia t ion  f r o m  the  s t anda rd  chemica l  compos i t ion .  

All s a m p l e s  were  sub jec t ed  to  p re l imina ry  annea l ing  a t  1900 =k 25 °C for  
45 s, and  then  mel ted .  The  t ime  of  mel t ing  is coun t ed  f r o m  the m o m e n t  of  
c o m p l e t e  mel t ing  and  f o r m i n g  a s tab le  drop.  As a resu l t  of  obey ing  exac t ly  
the  given electr ic  r eg ime  the  pe r iod  of  c o m p l e t e  mel t ing  of  the  s a m p l e s  
r ange d  f r o m  25___0.5 s ( ser ies  5) to  3 2 + 0 . 5  s (ser ies  3, 8 - 1 2 ) ,  depend ing  
on the  c a r b o n  con ten t  in the  samples .  This  he lped  the  s a m p l e s  to  be  c h o s e n  
acco rd ing  to  the  t ime  o f  the i r  mel t ing,  which  is e x t r e m e l y  i m p o r t a n t  s ince 
the  t rans i t ion  t h rough  the  so l id - l iqu id  s ta te  s t rong ly  affects  the pos i t ion  of  
the  initial po in t  o f  coun t ing  off  the  concen t ra t ion .  

2.2. Levitat ion system 
The h igh - f r equency  levi ta t ion me l t ing  s y s t e m  cons i s ted  o f  a v a c u u m  

c h a m b e r  with a double-coi l  induc to r  and  g e n e r a t o r  with 100 k W  p o w e r  and  
220  kHz f requency .  The  res idua l  p r e s su re  in the  c h a m b e r  dur ing levi ta t ion 
of  the  d rop  w a s  (6--9) × 10 -8 Pa.  The  chemica l  c o m p o s i t i o n  of  gases  r e l eased  
in the  p r o c e s s  of  mel t ing  was  ana lysed  per iodica l ly  by  m e a n s  of  a m a s s  
s p e c t r o m e t e r .  The  t e m p e r a t u r e  o f  the  liquid me ta l  was  m e a s u r e d  by  an  opt ica l  
m i c r o p y r o m e t e r  wh ich  w a s  wi th in  the  e x p e r i m e n t a l  e r ro r  in the  r ange  2 63 5 =k 15 
°C. After  a g iven pe r iod  o f  t ime,  a d r o p  of  liquid m o l y b d e n u m  was  th rown  
into a wa te r - coo led  c o p p e r  crystal l izer .  

The  liquid d rop  in the  p r o c e s s  of  levi ta t ion and  pour ing  into the  crystal l izer  
m a y  t o u c h  the  coils  of  the  induc to r  for  a sho r t  t ime.  This  sou rce  of  e r ro r s  
can  be  e l imina ted  only by  solidif icat ion direct ly  in the  e l ec t romagne t i c  field 
and  by  inc reas ing  the  s tabi l i ty  of  the  d rop  levitated.  A t echn ique  o f  dividing 
the  d rop  has  b e e n  w o r k e d  out.  It  cons i s t s  in real izing fas t  solidif icat ion 
(0.5--1 s) o f  the  me l t  in the  e l e c t romagne t i c  field and  in app ly ing  the  electr ic  
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regime providing stable levitation of the drop and ruling out any contact 
with inductor coils. As the voltage decreased in the oscillatory contour of 
the generator at the preset rate, the melt started pouring out of the inductor. 
At the moment  when the drop of the melt was crossing the plane of the 
lower coil of the inductor, the voltage was increased drastically. The metal 
stopped pouring out of the inductor and the greater part of the melt rose 
above the lower coil and crystallized in a levitated state. The smaller part 
of the melted sample was poured into a crystallizer located coaxiaUy to the 
inductor. The rest of the melt crystallized due to the strong dependence of 
the liquid metal temperature (for the given type and shape of the inductor) 
on the mass of the drop levitated. Therefore, after dividing the sample, the 
maximum possible temperature of the metal under the given electric parameter 
turns out to be considerably lower than its melting point. 

2.3. Elemental  analysis  
The carbon content in the samples in the range from 5 × 10- i to 1 X 10-3% 

was determined by the combustion in the oxygen flow with a coulomb-metric 
registration. To record lower carbon concentrations (down to 3 X 10-6%) we 
used the deuteron activation by 12C(d,n)lSN reaction with chemical separation 
of ~3N radionuclide with the half-life period T~/2 of 10 min. A cyclotron was 
the source of deuterons with a maximum energy of 13.6 MeV and a current 
up to 50 p.A. The samples were exposed to radiation for 10 min by an 
extracted-to-air deuteron beam with an initial energy of 6.5 MeV and a beam 
current to 2 pA. A set of aluminium collimators with an aperture diameter 
of 8-25  mm was used to collimate the deuteron beam up to the transverse 
dimensions of the sample. Copper and iron-nickel foils 2 0 / z m  thick served 
as monitors. Standard iron with a carbon content of 0.15% was applied for 
comparing the samples. 

The oxygen content up to 5 ×  10-5% was checked by the fast neutron 
activation method (14 MeV) by the ~60(n,p)16N reaction, and as a result a 
leN radionuclide was formed, the half-life period being 7.14 s and the energy 
of emitted T quanta 6-7  MeV. A neutron generator with maximum flux 
2.5X 1012 neutrons s -~ served as a neutron source. A pneumatic transport 
system was used for delivering the sample to the neutron source. The system 
provided a "soft  landing" for the transport capsule with the sample at the 
generator 's target, its delivery to the device for 1.5 s, discharging of the 
sample from the capsule and its transport to the region of etching 
(HF:HNOs--1:1 in the regime of removal of surface impurities) and further 
delivery of the sample to the region for measuring radioactivity. The sample 
under analysis and that used for comparison were successively exposed to 
radiation and their activities measured. The induced activity was measured 
by means of three spectrometric channels; two of them served for measuring 
the sample activity in the regime of summation, and the third was used for 
measuring the activity of the neutron flux monitor sample. Titanium disks 
with a certain oxygen content served as comparison samples. The oxygen 
content was computed according to the numerical values of activities after 



301 

three or four successive measurements. The method of activation by protons 
by the 180(p,a)~N reaction was applied to record the oxygen content in 
molybdenum up to 1 X 10-~% and to check the homogeneity of its distribution 
within the thickness of the sample. 

The solution of the problem related to the kinetics of the carbon-oxygen 
interaction made it necessary to improve the accuracy of the activating 
methods of the analysis by removing possible sources of errors. The estimation 
of the limits of discovery by activation analysis may be represented by the 
dependence ~=AmJS; here Atom is the minimum activity which can be 
measured as the excess of the background; S is the analysis sensitivity or 
specific activity, i.e. the activity of a radionuclide, induced under the given 
conditions of the analysis and its accuracy. For instance, while determining 
the carbon content, the increase in the sensitivity of the analysis due to the 
growing energy of particles results, as a rule, in additional errors caused by 
interference from other elements. An increase in the current of the beam 
on the sample leads to an increase in the effect of surface impurities on 
the result of the volume determination. 

The errors in determining the carbon content in molybdenum may have 
any of the following possible origins: interference due to other impurities, 
insufficient purity of radiochemical separation, the non-reproducible value 
of the radiochemical yield of the 13N isotope, monitoring of the deuteron 
flux, errors of the afterradiation, or an inhomogeneous distribution of carbon 
in the sample examined. 

When the oxygen content is analysed in molybdenum the following 
sources of errors may exist: difference in the geometrical sizes of the sample 
under analysis and that  used for comparison, inhomogeneity of the oxygen 
distribution within the analysed sample, its structural factor (porosity, cavities, 
surface impurities), nuclear characteristics of the matrix and its impurity 
composition, features the irradiation regime and the statistical error of 
measurement. 

3. Resu l t s  and  d i s c u s s i o n  

Figure 1 illustrates the kinetics of decreasing the actual oxygen con- 
centrations for the samples of series 1, and here dependences 1 and 2 
correspond to different conditions of  solidification after dividing of the drop: 
the first in the crystallizer, and the other in the electromagnetic field of the 
inductor. The difference in the oxygen concentrations of two parts of the 
same sample after dividing of the melt and solidification in different conditions 
grows gradually and reaches more than two orders of magnitude. This indicates 
the reasons for the severe deviation of the experimental results observed in 
a number of papers devoted to the preparation and study of pure metals, 
particularly, of molybdenum. 

Figure 2 presents the data on changes in the actual oxygen content for 
the samples of series 1-4 and 6. We did not manage to construct analogous 
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Fig. 1. Kinetics of oxygen release during levitation of liquid molybdenum: curve 1, solidification 
in electromagnetic field; curve 2, solidification in a water-cooled crystallizer, present work; 
curves 3 and 4, solidification in a water-cooled crystallizer (see ref. 8 and ref. 9 respectively). 
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(a)  Co) 
Fig. 2. Kinetics of (a) oxygen and Co) carbon release during melting and solidification of 
levitated molybdenum drops: O, series 1; O, series 2; V, series 3; <), series 4; O, series 5; 
A, series 6; O, series 7. 

dependences for the samples of series 5 and 7, since even in the first 
moments of vacuum levitation the actual oxygen concentrations in the samples 
could not be detected by the activation method. The linear dependence in 
the log No-~ coordinates shows that the rate of the oxygen release from 
molybdenum into vacuum obeys a first-order equation. The samples of all 
five series exhibit equal inclination of straight lines to the time axis. This 
is due to the fact that oxygen is removed in the form of CO in the process 
of sample melting. Indeed, from Fig. 2(b) one may see that  for the samples 
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of series 1-4  the oxygen content  was at the limit of sensitivity of the deuteron 
activation analysis immediately after the sample was melted, and for the 
samples of series 6, 7 and 5 at levels of 10-  4%, 10-  3% and 10-  2% respectively. 
The reaction rate constant determined with respect  to the slope of the 
experimental  curve for the samples of series 1 with the carbon content  of 
5 ×  10-a% is 0.37 s -1. The effective rate constant  of the oxygen release is 
w=K/vaa; here K = 0 . 3 7  s -1, va=9.5 cm 3 (g at.)-1; a - - 3 . 8 _ 0 . 2  mol cm -2 
s -1 at.% -~ is the specific surface of the melt. As a result, we have 
~o= 1 . 025×10  -4 tool cm -2 s - '  a t .%- ' .  

The data given in Fig. 2(a) suggest the following remarkable conclusion: 
at a sufficient intensity of the convective oxygen diffusion to the mel t -vacuum 
interface it is possible to provide its effective removal from molybdenum, 
without introducing carbon or other deoxidizers. Comparing the kinetic 
dependences  of the oxygen behaviour in the process  of maintaining liquid 
molybdenum in vacuum with estimates of the time required to decrease the 
oxygen concentrat ion by three orders of magnitude in the process  of desorption 
in an atomic state, one may observe much higher rates of the real process 
of  oxygen release. 

It is also evident that limiting the oxygen content  strongly depends on 
the initial O:C ratio: with decreasing initial level of both impurity concentrations, 
even a slight change in the initial carbon contents  changes the limiting oxygen 
content  by several orders of magnitude (Figs. 2 and 3). For instance, for 
the samples of series 5 and 6 a change in initial carbon concentrat ion by 
3 .5×  10-3% leads to a decrease in its content  in the metal by more than 
two orders of magnitude, whereas for the samples of series 11 and 12 a 
similar result is achieved by changing the initial carbon concentrat ion by 
only 1 × 10-  3%. 

70 ~ %  NO, 
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Fig. 3. Kinetics of  (a) oxygen and (b) carbon release during melting and solidification of  
levitated molybdenum drops: C), series 8; {), series 9; V series 10; • ,  series 11; O, series  
12. 
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Since the probabilities of changing the levitated metal mass are limited 
(20-35 g) and it is hard to measure the velocities of hydrodynamical flows 
in liquid metal, one cannot draw any definite conclusion concerning the 
region (kinetic or diffusive) where the processes of carbon and oxygen release 
from liquid molybdenum take place. However, comparing the results of the 
present paper with those of refs. 5, 8 and 9, one may see a real potential 
for a considerable increase in the rate of oxygen release from molybdenum 
in the process with intensive convective diffusion of impurity to the 
melt-vacuum interface. 

4. C o n c l u s i o n s  

The difference in the oxygen content in the solidified samples after 
dividing of the melt and solidification in different conditions (in the crystallizer 
and in the electromagnetic field) can reach more than an order of magnitude 
during 30 s. This elucidates deviations of the experimental results of different 
studies on liquid molybdenum. 

The rate of the oxygen release from molybdenum into vacuum obeys 
a first-order equation. At a sufficiently high intensity of the oxygen convective 
diffusion to the mel t -vacuum interface it is possible to remove oxygen from 
molybdenum without introducing carbon. 

Limiting the oxygen content strongly depends on the initial O:C ratio. 
With decreasing initial level of both impurity contents even a slight change 
in the initial carbon content changes the limiting oxygen content by several 
orders of magnitude. 
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