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A study was made of the effect  which the flow of liquid me ta l  has  on the diffusive dissolut ion 
in it of solid m e t a l s .  The dissolut ion of al loying e l emen t s  was examined  radio iso topica l ly ,  
along with the kinet ics  of m a s s  t r a n s f e r  under  conditions of lead alloy and a luminum alloy 
format ion .  

Cons iderable  in t e re s t  has developed recen t ly  in the study of p r o c e s s e s  involved with the dissolut ion 
of solid me ta l s  in liquid m e t a l s .  This  growing in t e r e s t  is explained by the wide use  of such p r o c e s s e s  in 
va r ious  b ranches  of the domes t i c  industry:  in a tomic  magne tohydrodynamic  power  genera t ion,  in l iquid- 
me ta l  t he rma l  power  s y s t e m s ,  in genera l  me ta l l u rgy ,  and in foundries  where  d ive r se  al loys a re  cas t .  
The study made he re  was concerned  with the effect  of s t i r r i ng  the liquid me ta l  with an e l ec t romagne t i c  
pump on the diffusive dissolut ion of solid me ta l s  in a liquid one. The p r o c e s s e s  were  studied with the aid 
of a spec i a l -pu rpos e  radio iso topic  t rack ing  sy s t em.  

The purpose  of the study was to es tab l i sh  the ef fec ts  of va r ious  technological  f ac to r s  in the d i s so lu -  
t ion of alloying e l em en t s  and on the k ine t ics  of m a s s  t r a n s f e r  in MHD type appara tus .  

The MHD appara tus  for  this study (Fig. 1) opera ted  on induction heating and mel t ing  of the meta l ,  
with control led s t i r r i ng  by e l ec t romagne t i c  fo rces  [1]. 

The me ta l  in vat  1 and in channels  2, 3, 4 f o r m e d  s h o r t - c i r c u i t  loops compr i s ing  the secondary  wind- 
ing of the t r a n s f o r m e r  5. Upon appl icat ion of a voltage to the p r i m a r y  t r a n s f o r m e r  winding 6, the re fore ,  
a c u r r e n t  was induced in the me ta l  which heated  the l a t t e r  and, at  the s ame  t ime,  genera ted  one component  
of the e l ec t romagne t i c  fo rce .  

While the windings 8 of e l e c t r o m a g n e t  7 were  addit ionally switched in, a magnet ic  flux was produced 
a c r o s s  the a i rgap  of this e l e c t r o m a g n e t  in the d i rec t ion  no rma l  to the flow of cu r r en t  in the meta l .  I n t e r -  
act ion between this magnet ic  flux and that  cu r r en t  produced an e l ec t romagne t i c  force  dr iving the me ta l  
through channel 3. The magni tude of this force  could be  regula ted  over  a wide range,  by ad jus tment  of the 
vol tage applied to the p r i m a r y  t r a n s f o r m e r  winding, o r  to the e l e c t romagne t  winding. 

Thus,  a spec ia l  f ea tu re  of this appara tus  was that the me ta l  flowing through the channels was sub-  
j ec ted  to a compound ef fec t  of s e v e r a l  f ac to rs :  t e m p e r a t u r e  r i s e  and pe r tu rba t i ons  due to s c a t t e r e d  e l e c -  
t romagne t i c  f ields and a l te rna t ing  pulsa t ions ,  both resu l t ing  f rom a va r ia t ion  in the magnitude and the 
d i rec t ion  of e l ec t romagne t i c  f o r ce s .  

The f i r s t  s tage of this study was concerned  with the dependence of the dissolut ion p r o c e s s  on the 
t e m p e r a t u r e ,  the contact  su r face  of injected al loying m a s s ,  and the d i scharge  ve loc i ty  of the me ta l  je t  
f r o m  the channel.  
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Fig. 1. Magnetohydrodynamic apparatus  with a rad io i so-  
topic t racking sys tem:  1) pumping vat; 2, 3, 4) pumping 
channels;  5) magnetic  s t ruc ture  of the t r an s fo rmer ;  6) p r i -  
m a r y  winding of the t r an s fo rmer ;  7) e lec t romagnet ;  8) 
e lec t romagnet  winding; 9) basket  with antimony; 10, 11) 
source  of Y radiat ion;  12) lead plate of the col l imator ;  13) 
detector  of T radiation.  

TABLE 1. Dissolution Rate of Antimony in Pb-Sb  
Alloy, as a Function of the Melt Tempera tu re  

M e l t  t e m p e r a -  

tu re ,  ~ C 

350 

400 

450 

500 

�9 550 

Dissolu t ion  ra te  of  a n t i m o n y ,  k g / s e c  

a n t i m o n y  added  
r  s t i r r ing  

a n t i m o n y  added 
wi th  s t i r r ing  

1 , l •  -3 

t , 5 X  10 -~ 

3 , I N 1 0  -s 

4 , 1 •  

- 8 , 3 •  

! ,6;< l0 -3 

2,1 :,,; I0-~ 

5 ,0X l0 "a 

6 ,4X10  -3 

8 ,3X10  -3 

Into the vat with liquid metal  was dropped a 
basket  with constant-weight  doses of an alloying e le-  
ment.  Liquid lead was used as the solvent for  the 
f i r s t  test  s e r i e s .  Antimony was used here as the a l -  
loying ingredient.  The initial antimony content in the 
alloy was maintained at 6 �9 0.1% per  weight of lead, 
and the t r an s fo rmer  power was held constant.  P r i o r  
to the addition of a specific dose of alloying mass  into 
the liquid metal ,  a smal l  batch of lead was also added 
so as to maintain the 6% concentrat ion level of anti-  
mony. The tempera tu re  of the metal  bath was men-  
sured  with C h r o m e l - A l u m e l  thermocouples  and a 

model E P P - 0 9  potent iometer ,  accura te ly  within +3%. The velocity of the metal  jet d ischarging into the 
vat during s t i r r ing  was measured  with Pilot  tubes. The e r r o r  of this method in measur ing  the velocity of 
liquid metal  was +15%. The solvent for the second test  se r i e s  was aluminum, with manganese  or ch ro -  
mium as the alloying element .  

In the study of the effect of each said factor ,  the dissolution t ime was measured  by the radioisotopic 
method with a special ly installed device consis t ing of a n T - r a d i a t i o n  source  and detector  [2]. As the source  
was used the radioact ive Cs 137 isotope 50 mg equiv, of radium st rong for the analysis  of Pb-Sb  alloys and 
10 mg equiv, of radium s t rong for the analysis  of aluminum alloys.  A scintil lation counter  served  as the 
detector ,  consist ing of a NaI{TI) single c rys t a l  and a model FEU-13  photoelectron mult ipl ier .  The infor-  
mation coming f rom this photoelectron mult ipl ier  was read into a model  PP-15  conver te r  and then printed 
by a model EUM-23 digital readout  device.  The radiat ion source  was placed in the top par t  of the basket  
for the analysis  of lead alloys and outside the metal  bath for the aaalys is  of aluminum alloys.  

The T-radia t ion  flux, attenuated during passage  through the antimony basket  and the molten metal ,  
was r ecorded  by the T- rad ia t ion  probe.  

The recorded  T- rad ia t ion  flux var ied according  to the following relation: 

J = k J  o exp (-- i~191ll - -  ~292l~). (1) 

In the course  of dissolution, antimony was being replaced by a Pb -Sb  alloy. The recorded  T - r a d i a -  
tion flux was weakened in the p roces s .  As soon as the entire antimony in the basket  had been dissolved, 
the T- rad ia t ion  flux reached a constant  level at which it then remained.  This instant of time was rega rded  
as indicating the end of the dissolution p r o c e s s .  F r o m  the size of the antimony doses and f rom the length 
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TABLE 2. Dissolut ionRate of Antimony in Pb-Sb  
Alloy, as a Function of the Contact Surface Area  
of Antimony Grains 

Dissolution rate of antimony, kg/sec 
Contact sur- I 
face area of above the jet alongside the 

jet alloying 
mass, m e jet discharge velocity 

0 m/see 0.25 m/see 0.25 m/see 

78.10-4 
140.10-4 
165.10-4 

2800.10 -4 

5,1.10L4 
10,4.10-4 
12,5.10-4 
19,2.!0-4 

7,15.10-4 
11,9.10-4 
14,7.10-4 
41,5.10-4 

6.4.10-4 
11;4.10 -4 
13.9.10-4 

31.10-4 

of the dissolution time, we also calculated the p rocess  
rate .  The e r r o r  in measur ing  the p roces s  ra te  did 
not exceed 5%. 

The effect of the tempera ture  of the original 
metal  on the length of the dissolution time of the al-  
loying mass  was determined with the metal  t empera -  
ture variat ion controlled within the 350-520~ range, 
The resul t s  of these tests  are  given in Table 1. An 
analysis  of these data indicates that in each case the 
solubility curves  are  exponential. In the lower tem- 
pera tu re  range the dissolution rate can be ra i sed  
appreciably by ci rculat ing the liquid metal  and by 
placing the basket  with the alloying mass  under  the 
jet. As the tempera ture  r i ses  to some definite level, 

c r i t ica l  for the given alloy, the circulat ion of the liquid metal ceases  to affect the dissolution rate of the 
alloying mass .  

This can be explained by the fact that, at lower t empera tures  of the solvent metal ,  the dissolution 
rate is determined by both the entry of solute a toms into the boundary layer  and the diffusion p rocess  oc- 
cur r ing  at the t ime. Causing the liquid metal to move relat ive to the solid alloying mass  resul ts  in an 
appreciable acce le ra t ion  of the diffusion p roces s  and, consequently, a shortening of the dissolution p ro -  
cess .  As the t empera tu re  of the solvent metal  r i ses ,  the ent ry  of solute a toms into the boundary layer  
becomes  the predominant  fac tor .  At some tempera ture  the diffusion rate reaches  its maximum, even 
during only slight s t i r r ing  of the metal  as a resu l t  of circulat ion by e lec t rodynamic  forces  which appear  in 
the channels even when the e lec t romagne t  is turned off [3]. In this case,  the flow of the liquid metal  has 
a negligible effect on the dissolution rate  of the solid alloying mass  but ra ther  tends, essent ial ly ,  to equal-  
ize its concentrat ion.  

Fo r  s~dy ing  the effect  of the contact  surface a rea  of the alloying mass  on the dissolution rate ,  we 
added doses of equal weights but different surface a reas  in contact  with the liquid metal ,  i . e . ,  with differ-  
ent degrees  of comminution.  These doses were placed in various zones of the bath, e i ther  above or  along- 
side the jet d ischarging f rom the center  channel, under static conditions or  during s t i r r ing  action by that 
jet  discharging at a velocity of 0.25 m / s e c .  The resul t s  of this exper iment  are  shown in Table 2. An 
analysis  of these resu l t s  indicates that the dissolution rate of the alloying mass  increases  with increas ing 
contact  surface and that it is highest  with the basket  above the s t i r r ing  jet  but lowest with the liquid metal  
uns t i r red .  The dissolution rate  does not increase  proport ional ly  to the a rea  of contact,  however.  This 
can be explained by a deter iora t ion of the wetting conditions in the melt  when the contact surface becomes  
l a rge r ,  especial ly  with the solvent metal  at  standstil l .  

In Fig. 2 are  shown test  resul ts  pertaining to the effect of the s t i r r ing  rate on the dissolution rate 
of the alloying mass ,  the s t i r r ing  caused here  by a jet of metal discharging f rom the channel into the vat. 
In this exper iment  the tempera ture  of the metal  was maintained at 360~ The discharge velocity of the 
metal  jet for s t i r r ing  the bath was var ied  f rom 0 to 0.7 m / s e c .  

An analysis  of these test  data (Fig. 2} indicates that, with this method of setting the liquid metal  into 
motion relat ive to the solute mass ,  the dissolution rate of the la t ter  var ies  with the circulat ion velocity of 
the f o r m e r  according to the I 1 -exp  ( - av )  I relat ion.  The resul ts  indicate that, under optimized c i rcu la -  
tion modes,  it is possible to attain dissolution ra tes  attainable without s t i r r ing  but with the metal  t empera -  
ture ra i sed  by 100-200~ 

Analogous exper iments  were pe r fo rmed  with aluminum alloys containing 7.5% manganese,  20% man-  
ganese,  or  10~ chromium.  The test  conditions were identical.  The trend of the dissolution rate in the 
metal  bath was found to be the same here as in the case of Pb-Sb  alloys (Fig. 2). However, the optimum 
circulat ion r a t e  of the mel t  in the case of aluminum alloys was three t imes higher than in the case of 
Pb -Sb  alloys.  This could be explained by the higher kinematic viscosi ty  of the AI -Mn  and the A 1 - C r  sys -  
tems:  the kinematic v iscos i ty  of the Pb-Sb  sys tem is v ~-. 2 �9 10 -7 m / s e c  2, of both the AI -Mn  and the A I - C r  
sys tems  v ~ 5 .5-10 -7 m / s e e  2. Fu r the rm ore ,  the diffusion rate  is higher in the Pb-Sb  sys tem than in the 
A I - M n  and the A I - C r  sys tems .  Consequently, in o rde r  to rea l ize  the mos t  efficient flow pat tern  in a bath, 
s imulated ea r l i e r  in [4] and then conf i rmed in the Pb -Sb  experiment ,  it appears  neces sa ry  to ensure  the 
same rat io of p a r a m e t e r s  defining the Reynolds number .  
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Fig. 2. Dissolution rate of an- 
timony (Vd, kg / s ec )  as a func-  
tion of the s t i r r i n g  ra t e  in the 
me ta l  bath (v, m / s e c ) ,  with a 
me ta l  volume: 1) 3.2 dm3; 2) 
4.8dm3; 3) 6.4dm3; 4) 8 .0dm 3. 

The second p a r t  of the study was concerned  with the kinet ics  of 
m a s s  t r a n s f e r  dur ing the dissolut ion of al loying ant imony in lead mel t .  

The p r o c e s s e s  occur r ing  in a liquid me ta l  bath in our appara tus  
w e r e  s imula ted  with t r ans lucen t  l iquids at va lues  of the Reynolds num-  
b e r  co r respond ing  to a ve loc i ty  of me ta l  c i rcu la t ion  f r o m  0 to 1 m / s e c  
and, apparen t ly ,  under  conditions of developed turbulence.  In this 
case ,  in addition to the me ta l  flow through the c h a n n e l - v a t - c h a n n e l  
s y s t e m ,  there  o c c u r r e d  a lso  l a rge  t r a n s v e r s e  osc i l la t ions  contr ibuting 
to the m a s s  t r a n s f e r  between adjacent  l a y e r s .  The ana lys i s  of m a s s  
t r a n s f e r  k inet ics  was a l so  ba sed  on rad io iso topic  m e a s u r e m e n t s .  
Here  the me l t  was located between the source  and the de tec to r  of 7 
radia t ion.  

In order to single out the test zone in the liquid metal, a leaden 
collimator with nine collimating ducts 50 mm long and 30 mm in diam- 

eter was provided here. The dissolution process in the melt was tracked by changes in the alloy concen- 
tration within these nine typical bath zones, and this concentration was determined as a linear function of 
the melt density. The measure of that density was the recorded y-radiation flux. The latter varied ex- 
ponentially with the increase of alloying content [2]. Eventually, the flux J reached a constant level. This 
served as an indication of a constant alloy concentration within the test zone. The measurements were 
made at velocities of the metal jet which produced stirring action in the bath and which were varied from 
0 to 0.65 m/sec. According to the test data, conditions more favorable to equalizing the alloy distribution 
prevailed either in the region adjoining the jet or near the lateral channels. Velocities within the 0.4-0.5 
m/sec range appeared most effective in terms of equalizing the chemical composition of the entire alloy 
m a s s .  

The op t imum s t i r r i n g  mode,  which had been es tab l i shed  e a r l i e r  to ensure  both an a c c e l e r a t e d  d i s -  
solution of al loying e lements  and a homogeneous  al loy composi t ion ,  was a lso  duplicated under  indust r ia l  
conditions for  cas t ing b ina ry  a l loys  o f t eadwi th  6.5% Sb and t e r n a r y  a l loys  of lead with 5% Sb + 0.Z~ As to be 
used  in s to rage  b a t t e r i e s .  These  al loys were  produced at a t e m p e r a t u r e  of 400~ to ensure  a s table  c o m -  
posi t ion throughout the ingot, while a high dissolut ion ra te  was at ta ined by means  of e l ec t romagne t i c  s t i r -  
r ing.  

An examinat ion  of spec imens  r evea led  that, in t e r m s  of thei r  mechan ica l  p r o p e r t i e s ,  they were  not 
in fe r io r  to the b e t t e r  batch of product ion s a m p l e s .  The i r  m i c r o s t r u c t u r e  was c h a r a c t e r i z e d  by a m o r e  
un i fo rm dis t r ibut ion of the eutect ic  phase  along gra in  boundar ies  than in conventionally produced  a l loys  
(Fig. 3}. A batch  of s t o r a g e - b a t t e r y  gr ids  eas t  f rom our  al loy was success fu l ly  tes ted  for  s t rength ,  with-  
out exhibit ing a tendency of the m a t e r i a l  to c rack  format ion .  

Analogous e x p e r i m e n t s  p e r f o r m e d  with a luminum al loys  {AI-Mn and A I - C r )  have demons t r a t ed  the 
feas ib i l i ty  of success fu l ly  duplicating these al loying p r o c e s s e s  with the or iginal  me ta l  (aluminum) at  t e m -  
p e r a t u r e s  of 840 and 900~ re spec t ive ly ,  r a t h e r  than at the r e c o m m e n d e d  1100-1200~ t e m p e r a t u r e s ,  
which makes  it poss ib le  to reduce the gas inclusions in the a l loys  and to extend the usabi l i ty  of mold 
coat ings .  

Fig. 3. Microstructure of lead-antimony alloy (6% Sb): 
a) produced by the conventional process; b) produced in 
the magnetohydrodynamic apparatus. 
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A chemica l  ana lys i s  of the solid product ,  sampled  f r o m  var ious  zones (top, middle,  and bot tom) in a 
s tandard  mold containing an A I - M n  alloy p r o c e s s e d  by the method shown here ,  indicated a var ia t ion  in the 
manganese  content within not m o r e  than a few hundredths of a pe rcen t ,  namely  7.46, 7.45, and 7.51% r e -  
spect ively .  

Samples  of the s ame  al loy f r o m  the bot tom and the middle zone were  a lso  examined by x rad iography  
on a model  URS-55 i n s t rumen t  (with copper  a s the source  of radiat ion),  and the l ines on the pr inc ipa l  i n t e r -  
fe rence  pa t t e rn  were  those of a luminum.  In addition, there  appea red  a lso  s t rong  l ines of the A16Mn phase .  

Another  x r a d i o g r a m  obtained on a model  URS-504 in s t rumen t  (with i ron as the source  of radiation) 
es tab l i shed  the exis tence  of the AI~Mn phase  in both the middle and the bot tom zone of an ingot, while the 
ampl i tudes  cor responding  to the intensi ty  l ines of this phase  in each zone did not differ  much f r o m  one 
another ,  indicating a un i fo rm dis t r ibut ion of this phase  ove r  the ingot volume.  

The desc r ibed  appara tus ,  toge ther  with the rad ioac t ive  s y s t e m  for  spec imen  analYSiS, has  thus been 
useful  for  studying both the d issolut ion of solid me ta l s  in liquid me ta l s  and the at tendant  p r o c e s s e s  of m a s s  
t r a n s f e r  dur ing combined t he rm a l  and hydrodynamic  conditioning. 

Such a type of appara tus  is v e r y  sui table  for  producing al loys of h a r d - t o - d i s s o l v e  and e a s y - t o - m e l t  
e l ements .  Specif ical ly,  the op t imum s t i r r i ng  mode would be a je t  d i scharge  f rom the cen te r  channel into 
the vat  a t  ve loc i t ies  within 0.3-0.5 m / s e c  for  producing lead al loys and within 0.8-1.0 m / s e c  for  producing 
a luminum al loys .  

J is  
J0 is 
k is 
~I is 
~2 is 
Pl is 
P2 is  
l 1 is 

�9 l 2 is  
is  

v is  
v i s  

N O T A T I O N  

the r eco rded  T - r a d i a t i o n  flux; 
the p r i m a r y  flux of 7 radiat ion;  
a constant  coeff ic ient  de t e rmined  by the appara tus  design;  
the m a s s  coeff icient  of a t tenuat ion in the P b - S b  al loy;  
the m a s s  coeff ic ient  of a t tenuat ion in ant imony;  
the al loy densi ty;  
the densi ty  of ant imony;  
the th ickness  of the liquid P b - S b  l a y e r  between radia t ion source  and radia t ion de tec tor ;  
the to ta l  th ickness  of ant imony g ra ins  in the path of 7 r ays ;  
the solubil i ty of a solid me ta l  in a liquid one; 
the veloci ty  of the liquid me ta l  r e l a t ive  to the sol id alloying m a s s ;  
the k inemat ic  v i scos i ty .  
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