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(54)  A  method  of  producing  uranium  metal. 

(57)  Uranium  chloride  is  reacted  with  either  mag- 
nesium,  sodium  or  calcium  in  the  presence  of  a 
molten  salt  comprising  light  metal  chlorides 
including  lithium  chloride.  The  temperature  is 
maintained  below  the  melting  point  of  uranium. 
The  magnesium  may  be  in  the  form  of  mag- 
nesium-cadmium  alloy,  the  temperature  being 
maintained  below  the  temperature  at  which 
magnesium  and  cadmium  vaporise.  The  com- 
ponents  of  the  molten  salt  may  be  first  fused 
together  so  as  to  form  the  molten  salt  eutectic. 
Subsequently  after  separation  of  the  uranium, 
products  of  the  reaction  may  be  recovered  and 
recycled. 
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This  invention  relates  to  a  method  of  producing 
uranium  metal. 

It  is  known  to  reduce  uranium  fluorides  to  uranium 
metal  by  reaction  with  magnesium  metal,  the  reaction 
being  carried  out  by  placing  compacts  in  the  form  of 
pellets  of  magnesium  turnings  and  uranium  fluoride 
powder  in  a  sealed  reaction  vessel  and  heating  the 
vessel  to  overcome  the  activation  energy  of  the  reac- 
tion.  Once  the  reaction  commences  it  follows  an  exo- 
thermic  path  with  the  generation  of  high  temperatures 
(eg  1400-1  500°C)  and  pressures  (eg  2-5  bar)  within 
the  vessel.  This  produces  molten  uranium  which  cools 
to  form  a  solid  uranium  billet  with  a  deposit  of  magne- 
sium  fluoride  slag  on  the  top  of  the  billet.  Some  dis- 
advantages  of  this  process  are:  the  generation  of  the 
high  temperatures  and  pressures  giving  rise  to  the 
need  for  containment  in  a  pressure  vessel;  the  gener- 
ation  of  magnesium  vapour  and  the  production  of  mol- 
ten  uranium,  both  of  which  are  corrosive  and  require 
special  care  in  the  selection  of  materials  of  construc- 
tion.  The  process  also  has  to  be  carried  out  in  a  batch- 
wise  manner. 

Other  known  processes  include  those  described 
in  United  States  Patent  numbers  4,534,792  and 
4,552,588  but  both  suffer  the  disadvantage  of  high 
temperature  operation  and  produce  molten  uranium. 

It  is  an  object  of  the  invention  to  provide  a  method 
of  producing  uranium  metal  capable  of  being  per- 
formed  at  a  temperature  below  the  melting  point  of 
uranium. 

According  to  the  present  invention  there  is  provid- 
ed  a  method  of  producing  uranium  metal,  the  method 
comprising  reacting  uranium  chloride  with  a  reductant 
selected  from  the  group  consisting  of  magnesium,  so- 
dium,  and  calcium  in  the  presence  of  a  molten  salt 
having  components  comprising  light  metal  chlorides, 
one  of  the  components  being  lithium  chloride,  whilst 
maintaining  the  temperature  below  the  melting  point 
of  uranium. 

Preferably,  the  reductant  comprises  magnesium, 
the  molten  salt  includes  magnesium  chloride  as  one 
of  the  components,  and  the  temperature  is  controlled 
so  as  to  be  below  the  temperature  at  which  magne- 
sium  vaporizes. 

Advantageously,  the  reductant  comprises  a  mag- 
nesium-cadmium  alloy,  and  the  temperature  is  con- 
trolled  so  as  to  be  below  the  temperature  at  which 
cadmium  vaporizes. 

Cadmium  is  preferably  selected  since  above 
475°C  it  is  one  of  the  very  few  metals  which  do  not 
form  intermetallic  compounds  with  uranium  and  does 
not  pose  a  problem  with  respect  to  oxidation  of  urani- 
um. 

Magnesium  chloride  from  the  reaction  may  be 
electrolysed  to  recover  magnesium  and  chlorine 
therefrom.  The  recovered  magnesium  may  be  recy- 
cled  either  to  react  with  fresh  uranium  chloride  or  to 
form  fresh  magnesium-cadmium  alloy  which  can  be 

returned  to  the  reactor  to  react  with  the  uranium  chlor- 
ide.  The  chlorine  may  be  recycled  to  an  upstream 
process  for  the  manufacture  of  fresh  uranium  chlor- 
ide. 

5  Preferably,  after  the  cadmium  has  been  separat- 
ed  from  the  solid  uranium  metal  product,  it  is  recycled 
to  form  magnesium-cadmium  alloy  which  said  alloy 
may  be  reacted  with  the  uranium  chloride. 

Advantageously,  sodium  chloride  may  be  includ- 
10  ed  as  a  component  of  the  molten  salt  so  as  to  lower 

the  temperature  of  the  salt  melt  eutectic,  the  compo- 
nents  of  the  molten  salt  being  first  fused  together  so 
as  to  form  the  molten  salt  eutectic. 

After  the  reaction  the  solid  uranium  metal  product 
15  may  be  separated  by  filtration  and/or  other  known 

methods. 
It  will  be  understood  that  reference  herein  to  ura- 

nium  chloride  includes  those  single  chlorides  of  ura- 
nium  in  which  the  uranium  is  found  in  only  one  of  its 

20  valency  states. 
The  invention  will  now  be  further  described,  by 

way  of  example  only,  with  reference  to  the  accompa- 
nying  drawings,  in  which:- 

Figure  1  shows  a  flow  diagram  for  a  process  for 
25  the  production  of  uranium  metal,  and 

Figure  2  shows  a  flow  diagram  for  a  modified 
form  of  the  process  of  Figure  1  . 
Referring  now  to  Figure  1,  a  system  10  is  shown 

having  a  reactor  vessel  13  to  which  three  inlet  lines 
30  19,  22,  49  respectively  connect.  An  upper  outlet  line 

43  from  the  reactor  vessel  13  connects  with  an  elec- 
trolysis  plant  46  from  which  the  inlet  line  49  extends 
to  the  reactor  vessel  1  3.  An  outlet  line  52  extends  from 
the  electrolysis  plant  46  to  an  alloying  plant  40,  and  a 

35  gas  line  55  provides  a  vent  from  the  electrolysis  plant 
46.  Inlet  line  22  extends  from  the  alloying  plant  40  to 
the  reactor  vessel  13.  A  lower  outlet  line  28  from  the 
reactor  vessel  13  connects  with  a  filter  plant  31  having 
an  outlet  line  33  which  connects  with  a  distillation 

40  plant  34.  From  the  distillation  plant  34  an  outlet  line  37 
extends  to  the  alloying  plant  40  and  another  outlet  32 
from  the  filter  plant  31  connects  with  the  outlet  line  37. 
Another  outlet  line  35  from  the  distillation  plant  34  pro- 
vides  a  d  ischarge  from  the  system  1  0  .  A  heati  ng  jacket 

45  (not  shown)  about  the  vessel  1  3  controls  the  temper- 
ature  inside  the  vessel  13  through  the  use  of  conven- 
tional  temperature  sensing  devices  45  and  a  temper- 
ature  controller  47. 

The  reactor  vessel  13  contains,  for  example,  a  li- 
50  thium  chloride-magnesium  chloride  molten  salt  eutec- 

tic  16.  The  components  of  the  molten  salt  16  are  first 
fused  together  at  a  high  temperature  and  the  resulting 
molten  salt  eutectic  16  is  held  at  a  temperature  of  less 
than  720°C  by  the  use  of  the  heating  jacket  under  the 

55  control  of  the  temperature  controller  47.  Uranium 
chloride  in  powder  form  is  introduced  in  the  reactor 
vessel  1  3  through  the  inlet  line  1  9,  and  dissolves  to  a 
slight  extent  in  the  molten  salt  eutectic  16,  undis- 
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solved  uranium  chloride  powder  dispersing  in  the  mol- 
ten  salt  eutectic  16.  Magnesium  reductant  in  the  form 
of  particles  of  a  magnesium-cadmium  alloy  is  intro- 
duced  into  the  reactor  vessel  13  through  the  inlet  line 
22.  Since  the  magnesium-cadmium  alloy  is  denser 
that  the  molten  salt  eutectic  16,  the  alloy  particles  sink 
into  the  molten  salt  eutectic  16.  On  entering  the  mol- 
ten  salt  eutectic  16,  the  cadmium  in  the  magnesium- 
cadmium  alloy  melts  and  sinks  to  the  bottom  of  the  re- 
actor  vessel  1  3  where  it  forms  part  of  a  layer  25.  The 
magnesium  in  the  magnesium-cadmium  alloy  dis- 
solves  in  the  molten  salt  eutectic  16  where  it  reacts 
with  dissolved  uranium  chloride.  The  magnesium  re- 
duces  the  uranium  chloride  to  uranium  metal  and 
forms  a  magnesium  chloride  by-product.  Since  the 
temperature  of  the  reaction  is  less  than  the  melting 
temperature  of  uranium,  a  solid  uranium  metal  prod- 
uct  is  formed  which  sinks  to  the  bottom  of  the  reactor 
vessel  1  3  and  forms  a  slurry  with  the  molten  cadmium 
in  the  layer  25.  The  magnesium  chloride  by-product 
remains  dissolved  in  the  molten  salt  eutectic  16.  The 
cadmium  and  solid  uranium  slurry  is  removed  from 
the  reactor  vessel  13  through  the  outlet  line  28,  and 
the  uranium  metal  product  is  separated  from  the  liquid 
cadmium  by  passing  the  slurry  through  the  filter  plant 
31  ,  the  filtrate  being  passed  for  distillation  in  the  plant 
34.  The  uranium  metal  product  is  discharged  from  the 
system  10  through  the  outlet  line  35  from  the  distilla- 
tion  plant  34.  The  separated  cadmium  is  recycled 
through  the  line  37  to  the  alloying  plant  40  where  it  is 
formed  into  magnesium-cadmium  alloy  which  can 
again  be  introduced  into  the  reactor  vessel  13  through 
the  inlet  line  22.  Molten  salt  eutectic  16  is  removed 
from  the  reactor  vessel  13  through  the  outlet  line  43 
and  is  subjected  to  electrolysis  in  the  plant  46  in  which 
magnesium  chloride  is  electrolysed  to  produce  recov- 
ered  magnesium  and  recovered  chlorine.  The  lithium 
chloride  in  the  molten  salt  eutectic  is  unaffected  by  the 
electrolysis  since  it  has  a  higher  electrodecomposi- 
tion  voltage  than  the  magnesium  chloride,  and  is  re- 
cycled  to  the  reactor  vessel  13  through  the  inlet  line 
49.  The  recovered  magnesium  is  recycled  through  the 
line  52  to  the  alloying  plant  40  where  it  is  combined 
with  the  separated  cadmium  from  the  plants  31  and  34 
to  form  magnesium-cadmium  alloy  which  is  reintro- 
duced  into  the  reactor  vessel  13  through  the  inlet  line 
22.  The  recovered  chlorine  is  recycled  through  the 
gas  line  55  to  a  separate  known  process  upstream 
(not  shown)  for  the  manufacture  of  uranium  chloride 
which  may  then  be  introduced  to  the  reactor  vessel  1  3 
through  the  inlet  line  19.  When  the  molten  salt  eutectic 
16  is  removed  from  the  reactor  vessel  13  through  the 
line  43  some  unreacted  uranium  chloride  may  be  car- 
ried  over  into  the  electrolysis  plant  46.  Since  the  elec- 
trodecomposition  voltage  of  the  uranium  chloride  is 
slightly  lower  than  that  of  magnesium  chloride  some 
uranium  and  chlorine  may  be  produced.  Any  uranium 
produced  is  recycled  back  into  the  system  with  the  li- 

thium  chloride  and/or  magnesium,  and  the  chlorine  is 
recycled  through  the  gas  line  55. 

An  alternative  embodiment  of  the  invention  is 
shown  in  Figure  2,  a  system  60  having  a  reactor  ves- 

5  sel  63  with  a  heating  jacket  (not  shown)  and  to  which 
four  inlet  lines  69,  78,  90  and  93  respectively  connect. 
A  lower  outlet  line  72  from  the  reactor  vessel  63  con- 
nects  with  a  separation  plant  75  from  which  the  inlet 
line  78  extends  to  the  reactor  vessel  63.  An  outlet  line 

10  84  extends  from  the  separation  plant  75  to  connect 
with  an  electrolysis  plant  87,  and  an  outlet  line  81  pro- 
vides  a  discharge  from  the  system  60.  The  inlet  lines 
90  and  93  extend  from  the  electrolysis  plant  87  to  the 
reactor  vessel  63,  and  a  gas  line  96  provides  a  vent 

15  from  the  electrolysis  plant  87.  Conventional  tempera- 
ture  sensing  devices  98  and  a  temperature  controller 
99  control  the  heating  jacket  and  thereby  the  temper- 
ature  inside  the  vessel  63. 

The  reactorvessel  63  contains,  for  example,  a  li- 
20  thium  chloride-magnesium  chloride  molten  salt  eutec- 

tic  66  which  is  held  at  a  temperature  of  less  than 
750°C  by  use  of  the  heating  jacket  under  the  control 
of  the  temperature  controller  99.  Uranium  chloride 
powder  is  introduced  into  the  reactor  vessel  63 

25  through  the  inlet  line  69.  Magnesium  reductant  in  the 
form  of  discrete  particles  of  magnesium  metal  is  intro- 
duced  into  the  reactorvessel  63  through  the  inlet  line 
93  to  react  with  the  uranium  chloride.  Of  the  magne- 
sium  metal  which  does  not  immediately  react  with  the 

30  uranium  chloride,  some  dissolves  in  the  molten  salt 
eutectic  66,  and  since  the  temperature  of  the  molten 
salt  eutectic  16  is  above  the  melting  temperature  of 
the  magnesium  metal,  the  remaining  magnesium  met- 
al  forms  a  layer  67  of  molten  magnesium  metal  on  top 

35  of  the  molten  salt  eutectic  66.  Reaction  occurs  be- 
tween  the  uranium  chloride  dissolved  in  the  molten 
salt  eutectic  66  and  the  magnesium  metal  dissolved 
in  the  molten  salt  eutectic  66  and  in  the  Iayer67.  Since 
the  temperature  at  which  the  reaction  takes  place  is 

40  below  the  melting  temperature  of  uranium  metal,  the 
uranium  metal  produced  is  in  the  solid  state  and  sinks 
to  the  bottom  of  the  reactor  vessel  63.  The  magne- 
sium  chloride  formed  as  a  by-product  dissolves  in  the 
molten  salt  eutectic  66.  By  the  action  of  the  solid  ura- 

45  nium  metal  produced  sinking  (or  precipitating) 
through  the  molten  salt  eutectic  66  to  the  bottom  of  the 
reactor  vessel  63,  the  molten  salt  eutectic  66  is  agi- 
tated  so  that  molten  salt  eutectic  layers  containing  dis- 
solved  uranium  chloride  are  continuously  being  pre- 

50  sented  for  reaction  with  the  molten  magnesium  in  the 
layer  67  at  the  interface  and  that  dissolved  in  the  mol- 
ten  salt  eutectic  66.  The  solid  uranium  metal  product 
is  removed  from  the  bottom  of  the  reactor  vessel  63 
through  the  outlet  line  72  as  a  suspension  with  molten 

55  salt  eutectic  66,  and  is  separated  from  the  molten  salt 
eutectic  66  by  known  methods,  for  example  filtration, 
or  melting  in  the  separation  plant  75.  The  uranium 
metal  product  is  discharged  from  the  system  60 
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through  the  outlet  line  81  from  the  separation  plant  75. 
Separated  molten  salt  eutectic  66  is  recycled  directly 
to  the  reactorvessel  63  through  the  line  78.  Excess 
molten  salt  eutectic  66  is  transferred  through  the  line 
84  to  the  electrolysis  plant  87  in  which  magnesium 
chloride  in  the  molten  salt  eutectic  66  is  electrolysed 
to  yield  recovered  magnesium  and  recovered  chlor- 
ine.  As  described  in  relation  to  the  system  of  figure  1  , 
the  lithium  chloride  in  the  salt  eutectic  66  is  unaffected 
by  the  electrolysis  and  is  recycled  to  the  reactor  ves- 
sel  63  through  the  inlet  line  90.  Recovered  magne- 
sium  is  recycled  directly  to  the  reactor  vessel  63 
through  the  inlet  line  93,  and  recovered  chlorine  is  re- 
cycled  through  the  gas  line  96  to  a  process  (not 
shown)  for  the  manufacture  of  uranium  chloride  as  de- 
scribed  in  relation  to  Figure  1  . 

One  of  the  advantages  of  the  invention  is  that  the 
method  is  operated  at  a  temperature  at  which  the  ura- 
nium  metal  produced  is  solid,  and  below  the  temper- 
ature  at  which  magnesium  vaporizes.  Hence  the 
aforementioned  problems  concerning  corrosion  of 
the  materials  in  the  system  are  to  some  extent  allevi- 
ated. 

Control  of  the  feed  of  the  magnesium  to  react  with 
the  uranium  chloride,  using  conventional  means,  as- 
sists  in  the  control  of  the  amount  of  heat  generated  in 
the  reactor  vessel  63.  Furthermore,  the  presence  of 
lithium  chloride  in  the  molten  salt  eutectic  depresses 
the  melting  point  of  the  molten  salt  eutectic  and  allows 
a  relatively  low  operating  temperature  to  be  used. 

Another  advantage  is  that  the  method  may  be  op- 
erated  on  a  continuous  basis,  and  all  or  most  of  the 
by-products  produced  can  be  recycled  in  the  method. 

Yet  a  further  a  advantage  is  that  the  method  may 
be  operated  at  near  ambient  pressure  in  an  inert  at- 
mosphere  (eg  argon,  nitrogen)  in  contrast  to  methods 
for  the  reduction  of  uranium  fluorides  which  take  place 
within  a  pressure  vessel  and  generate  high  tempera- 
tures  and  pressures. 

Although  three  temperature  sensing  devices 
have  been  shown  in  Figures  1  and  2,  fewer  or  more 
temperature  sensing  devices  may  be  used  to  suit  par- 
ticular  applications. 

If  desired  the  molten  salt  eutectic  could  contain  al- 
ternative  components  or  numbers  of  components.  It 
will  be  appreciated  that  although  the  invention  has 
been  described  in  relation  to  the  use  of  magnesium  as 
a  reductant  other  reductants  such  as  sodium,  or  cal- 
cium  may  be  used. 

Claims 

1  .  A  method  of  producing  uranium  metal,  character- 
ised  by  reacting  uranium  chloride  with  a  reductant 
selected  from  the  group  consisting  of  magne- 
sium,  sodium  and  calcium  in  the  presence  of  a 
molten  salt  having  components  comprising  light 

metal  chlorides,  one  of  the  components  being  li- 
thium  chloride,  whilst  maintaining  the  tempera- 
ture  below  the  melting  point  of  uranium. 

5  2.  A  method  as  claimed  in  Claim  1,  wherein  the  re- 
ductant  comprises  magnesium,  the  molten  salt  in- 
cludes  magnesium  chloride  as  one  of  the  compo- 
nents,  and  the  temperature  is  maintained  below 
the  temperature  at  which  magnesium  vaporises. 

10 
3.  A  method  as  claimed  in  Claim  2,  wherein  the  re- 

ductant  comprises  a  magnesium-cadmium  alloy, 
and  the  temperature  is  maintained  below  the  tem- 
perature  at  which  cadmium  vaporises. 

15 
4.  A  method  as  claimed  in  any  one  of  Claims  1  to  3, 

wherein  sodium  chloride  is  included  as  a  compo- 
nent  of  the  molten  salt. 

20  5.  A  method  as  claimed  in  any  one  of  Claims  1  to  4, 
wherein  the  components  of  the  molten  salt  are 
first  fused  together  so  as  to  form  the  molten  salt 
eutectic. 

25  6.  A  method  as  claimed  in  any  one  of  Claims  1  to  5, 
including  separating  by  filtration  the  uranium  met- 
al  produced  by  the  reaction. 

7.  A  method  as  claimed  in  any  one  of  Claims  1  to  6, 
30  wherein  the  method  is  operated  at  near  ambient 

pressure. 

8.  A  method  as  claimed  in  any  one  of  Claims  1  to  7, 
wherein  the  feed  of  the  reductant  is  controlled  so 

35  as  to  assist  in  controlling  the  amount  of  heat  gen- 
erated  by  reaction  of  the  uranium  chloride  and  the 
reductant. 

9.  A  method  as  claimed  in  Claim  2,  including  elec- 
40  trolysing  magnesium  chloride  resulting  from  the 

reaction  of  the  uranium  chloride  with  said  magne- 
sium  to  recover  magnesium  and  chlorine  there- 
from. 

45  10.  A  method  as  claimed  in  Claim  9,  including  recy- 
cling  the  recovered  magnesium  to  react  with  un- 
reacted  uranium  chloride. 

11.  A  method  as  claimed  in  Claim  3,  including  sepa- 
50  rating  the  cadmium  resulting  from  the  reaction  of 

the  uranium  chloride  with  the  magnesium-cad- 
mium  alloy  from  the  uranium  metal,  combining 
said  separated  cadmium  with  magnesium  to  form 
fresh  magnesium-cadmium  alloy,  and  subse- 

55  quently  reacting  said  fresh  alloy  with  unreacted 
uranium  chloride. 
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