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Report No. BM1-266 
Technology -  Feed  Materials

ABSTRACT

This  report  d e sc r ib es  the reoults of X - r a y  diffraction examinat ion of 
reaction products from a s e r i e s  of exper im ents  perform ed by Mallinckrodt 
Chemical  Works as an aid in understanding the p ro cess  of bomb reduct ion of 
UF4 . UF4  is initially reduced  to UFj by m agnes ium  at 560* C . , and subse 
quently to metal  at 600* C. M gF 2  from the in it ia l  reaction fo rm s  a coating 
on the magnesium which r e t a r d s  the final spontaneous reaction.
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INTRODUCTION

The p r o c e s s  (or the production o( uranium by bomb reduction of UF4 
with magnesium has been investigated by the Malltnckrodt Chemical Works,  
in an a t tempt to understand the m echanism  o( the reac t ion ,  and to obtain 
better  control  of the process .  The reaction is s t rongly  exothermic.  The 
charge,  consis t ing of UF4 mixed with magnesium g ranu les ,  is packed into a 
r e f ra c to ry - lm e d  iron bomb. This is preheated to a tem p era tu re  of about 
650*C . ,  at which tem pera tu re  the reaction p roceeds  violently. The in te rna l  
t em pera tu re  r i s e s  rapidly above the fusion point of both reaction p roducts ,  
uranium and MgF2. These s e p a ra te ,  the la t te r  r i s in g  to the top a s  slag.
Good yield of m ass ive  metal depends,  at  least in p a r t ,  upon the fluidity of 
the melt.  F o r  a given weight of charge ,  the heat  supplied by the reac t ion  is 
fixed, and the amount absorbed f ro m  external so u rce  during preheat ing 
depends upon the tem pera tu re  a t  the instant of spontaneous reaction. The 
objectives of the present study w e re  to investigate, in cooperat ion with 
Msllinckrodt,  the causes of occasional  failure to obtain fluidity, resu l t ing  
in poor bomb yield, and to exam ine  the m echanism  of the bomb reaction.

Initial s tud ies^*  ^ of slag f rom  normal production bombs and e x p e r i 
mental underf i red  bombs indicated  that reduction was a two-step p ro c e s s .  
Later in v es t ig a t io n s^ )  of reac t ions  between m agnes ium  vapor and UF4 heated 
in part ial  vacuum or in helium confirm ed the hypothesis  of a two sfcp r e a c 
tion, as follows:

2 UF4 4 Mg -~M gF2 4 2 U F y

2UF3 4 3Mg — JMgF2 4 2U

Similarly, reac t ions  between UF4 containing intentional  impuri t ies  tnd  
magnesium chips  in the t e m p e r a tu re  range 550*C. to 600*C. cauaed a s tep 
reduction of UF4 to UF3 and then to metal.  W

In the c o u rse  of the above investigations,  n um erous  samples w ere  
examined a t  Battel le  by X -ray  d iffract ion to d e te rm in e  the extent of reac t ion  
on the su r face  of the magnesium a s  well as  in the UF4 . Separation of the 
samples into macroscopica l ly  d ifferent  portions was made before a n a ly s is .  
The surface  coating on the m agnes ium  was studied to de te rmine  the c o m p o 
sition of the coating and ita  poss ib le  effect on re ta rd ing  the initial reduction 
of UF4 to U F3 in com m erc ia l  bomb production of u ran ium .  The react ion 
products ad jacen t  to the m agnes ium  part ic les  and throughout the rem ain ing  
powder were  examined to d e te rm in e  their  composit ion.
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EXPERIMENTAL PROCEDURE

The apparatus used to c a r r y  out the rea c t io n s  o( magnesium with UK4 
a t  the Mallinckrodt C hem ical Works has been d e sc r ib e d  by A. E. Ruchle 
ct a l. (*• *) Samples taken from  the reaction ch am b ers  were subm itted  to 
Batt«!le lo r  phase identification. Four g e n e ra l  types of sam ples w ere  
s tudied: (1) products of reac tion  of m agnesium  vapor with UF4 held  for 
v a rio u s  t im es  at approxim ate ly  960*C . , U) reac t io n  products resu lting  from 
heating magnesium powder in contact with UF4 # in the tem p era tu re  range 
550* C. to 600*C., (3) rea c t io n s  of m agnesium chips with va rious  uranium  
com pounds or mixtures* and (4) reaction of m agnesium  sheet with UF4 
containing additives which m ight aid In filming the magnesium, and thereby 
r e ta rd  the reduction of UF4 to UF j a t low te m p e ra tu re s .  E lec tron-d iffrac tion  
m ethods w ere  employed to de term ine  the com position  of the o u te rm o s t  film 
on the m agnesium  sheet, w hile  the phases p re se n t  in the bulk coatings were 
identified  by X-ray d iffraction. Phase identification studies w ere  a ls o  made 
of the bulk reaction products  of magnesium vapor and m agnesium  powder 
with UF4 .

RESULTS

The reaction of b r igh t g reen  UF4 with m agnesium  vapor at S60* C. 
caused  a darkening of the g ree n  salt. Severa l of the reaction p roduc ts  were 
exam ined by X-ray d iffrac tion , which showed that the UF4 was reduced  to 
UF) in a  short  reaction t im e . After extended tre a tm e n t  of the re su l t in g  UF) 
with m igneft.um  vapor s t  thi* tem pera tu re  (560*C .), oxidea of u ran iu m  were 
the only phases detected by X -ray  methods. T hese  oxides a re  be lieved  to 
have re s u l te d  from  s i r  oxidation of finely divided uranium  m etal. Table  1 
d e s c r ib e s  the sam ples and the resu lts  of X -ray  examination. It should be 
noted th a t ,  although the UF4 w as  reduced by the m agnesium  vapor, no M gFj 
was de tec ted . This suggests  that the sensitiv ity  of detection of M g F j  in this 
c a s t  was too low or thst during  the reaction the tem pera tu re  was in c re a sed  
by th is exo therm ic  reaction  to a  point where the MgFg was vo latilised .

In o rd e r  to determ ine  the effect of the p reh ea t  period on the reduction 
of UF4 , sev e ra l  runs w ere  m ade by M allinckrodt in vacuum with UF4 and 
m agnesium  powder in the te m p e ra tu re  range 550*C. to 600*C. Table l  
d e s c r ib e s  the sam ples of th is  s e r ie s  and (fives the resu lts  of X -ra y  e x am i
nation. The sam ples w sre  se a le d  in evacuated tubes  a f te r  reacting  and not 
exposed to the a tm osphere  until a f te r  X -ray  exam ination. The re s id u a l  
m agnesium  rem ained b righ t in these reac tions  and was removed b e fo re  X -ray

• • • • • • • • •  •• . . . . . .  «.• •  • •  » . » •  . . .  . . .... ... . . .. . . ...»• • . . .  . . . .  . 1 • . .• • . . .  . . .  . I, ,  •« . . . . .  ..



TABLE 1. IDENTIFICATION OF PHASES FORMED BY REACTION O r 
URANIUM TETRAFLUORIDE AND MAGNESIUM VAPOR

S a m p l e Description of Intensity of Wtaae* Identified
No. Samples u , o , u r , \)0l Ollier

9IA M|( vapor) ♦ UF4 «t ISO* C . ; 
olive green

Strong Feint

M-2- I4 Ditto Strong Very feint Very faint MgF|

M 4 4 I Same a» M -2-14, longer 
treatment Strong m m  ] Medium^) Faint UF4

M -2 -17 D itto Strong mm \ M e d i u m ^ • •

M -2 -19 •• Medium m m  i'!1 Strong' - -

0 )  TIm i pm m  of UOj mm *1hm. fenilceUag w a n a p i i M  eaWettoa H *» *4wc+4 mol,



TABLE 2. IDENTIFICATION OF PHASES FORMED BY REACTION OF 
URANIUM TETRAFLUORIDE AND MAGNESIUM POWDER

Sample Time and T e m p e r a - Port ion Intensity of Phases Identified
No. ture of Reaction Examined U UFj u o 2 u o MgF2

M-2-37 4 h r s . ,  550* C. Black aggregates — Strong Very faint - - Very very 
faint

Brown powder -  - Strong Medium faint -  - Very very 
faint

M-2-40 4 h r s . , 570* C. Black aggregates -  - Strong Very very 
faint

- - - -

Black powder - - Strong Very very 
faint

- - - -

M-2-42 3 h r s . ,  580* C. Coarse  p a r t ic le s Very
faint

Strong Very faint - - - -

Fine par t ic le Very
faint

Strong Very faint - - - -

M-2-45 3 h r s . ,  600* C. Coarse  pa r t ic le Strong - - mm )  Medium Medium

Fine par t ic le Strong - - -- Medium Medium
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a n a ly s i s .  The re su l ts  show that below 580*C. only the f i r s t  s tep  of the 
reac t ion  has been completed in 4 hours.  However, at t e m p e ra tu re s  above 
580*C. , the reduction is complete and m eta l l ic  uranium is obtained. Thesr  
r e s u l t s  indicate that considerable  reaction takes place before the firing 
t em p era tu re  (650* C .)  is attained in n o rm a l  bomb reduction. The bright 
magnesium part ic les  remaining in the reac ted  powder indicated that any 
MgF^ which formed during react ion was volat i l ised  in the vacuum.

E ar l ie r  s t u d i e s ^ )  of reaction products  of underfired bom bs showed 
that  various colored coat ings formed on the magnesium chips. This v a r i a 
tion in coating appeared  to be associated with the purity of the UF4 and was 
believed to influence the firing and ul t imate  tem pera tu re  a t ta ined  in p ro 
duction bombs. A study was made of the surface  coating produced on m ag
n e s iu m  by heating it in contact  with v a r io u s  uranium compounds known to be 
p re s e n t  in UF4. Table 3 gives a descr ip t ion  of the react ing m a te r i a l s ,  the 
coat ings  produced and the phases identified. It is of in te res t  that ,  in the 
c a s e  of UF3, the m agnes ium  remained quite bright,  indicating l i t t le  o r  no 
reac t ion .  The only sam ples  in this s e r i e s  which showed reduct ion to m e 
ta l l ic  uranium were  those of UF4 and UO^. Other samples showed only 
p a r t i a l  reduction. The p resence  of MgF^ a s  the major  phase on the surface 
of the Mg in partial ly reduced samples ind ica tes  that this coating re ta rded  
the final reduction step. However, it s e em s  quite possible that the reduc
t ion of UF4 to UF3 in a small  a rea  around each magnesium p a r t ic le  con
t r ib u te s  to re tardat ion  of the final reduction.

Since ihe X -ray  method is not sens i t ive  to detection of v e ry  thin 
coat ings on the e x t rem e  surface ,  e lec tron-d if f rac t ion  studies w ere  made on 
thin sheets  of magnesium af te r  reaction in underfired  bombs. The thin 
sh e e t s  of Mg were i n s e r te d  in the UF4 and in UF4 containing f i lm-forming 
addit ives ,  such a s  NaHF2» KHF^, UO^F^, and HF, and heated  to jus t  below 
f i r ing  tem pera tu re ,  approximate ly  600* C. Phase  studies of the coating on 
the su rface  of these m agnesium sheets showed that MgO and Mg(OH)£ were 
p re s e n t  on the e x t rem e  outer  surfaces  of the coating. Examination of the 
f i lm by X-ray diffraction revealed that MgF2 was also p resen t  belcw the MgO 
and Mg(OH)2. However, in the case of UF4 t rea ted  in HF, v e ry  litt le or no 
MgO o r  Mg(OH)2 was detected,  e ither  by X - r a y  or  electron diffract ion.  The 
only coating presen t  was MgFg. A study of the powder ad jacent  to the Mg 
shee t  was not made fo r  these  runs, hence one cannot be c e r ta in  a s  to the 
effect  of these addit ives on re tardat ion  of the f i r s t  s tep of the reduction.

DISCUSSION OF RESULTS

The resul ts  of the p re sen t  investigat ion show that m agnes ium  reduction 
of UF4 to metal l ic  u ran ium  is  a two-step p ro c e s s .  Reduction of UF4 to the

flEQRB*  = = z
• • • •• « » • • » • • • • • • •1 1 • • • • • 1 1 # • • 1
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T A B L E  3. ID E N T IF IC A T IO N  OF SURFACE COATINGS PRODUCED
ON Mg CHIPS BY REACTIONS W ITH VARIOUS MIXTURES 
OF U COMPOUNDS

Sample
No.

Compounds 
M ixed w ith  

Mg fo r Reaction
D e sc rip tio n  of 

P a r t ic le  Exam ined
Phases Identified  
O th e r Than Mg

B87-P85 UF< G ra y -b ro w n  coating U ♦ M gF 2 ♦ U F3

B87-P96B u f 4 T e m p e r-c o lo r  coating M g F 2 ♦ U F3

B87-P34 u o 2f 2 R ed-brow n coating M g F 2 ♦ U 02 -f U F3

D itto D itto T e m p e r-c o lo r  coating M g F 2 4 U F4

n •i Fine b lack powder u ,o 8 ♦ uo2
B 87-P 36 uo2 G ra y -b la c k  coating U 4 U 0 2 4 MgO

B87-P82 u f 3 No apparent coating U F 3

B87-P90 u f 4 + u o 2f 2 Tem per c o lo r  coating M gF 2 + UF j

D itto D itto G reen pow der u f 4 4 u o 2

B 2-P35 .U F 4 ♦ U jO g Gold coating U 0 2 4 M gF2
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tr if luoride occu rs  at t e m p e r a tu re s  well below the f ir ing tem p era tu re  in 
co m m erc ia l  bomb reduction of uranium. The t r i f luo r ide  produced in the 
f i rs t  s tep  of the reduction is s table at the lower t e m p e ra tu re s .  The ra te  of 
reduction of tr if luoride to meta l  becomes more  rapid  at  600* C. and above. 
Reactions which a re  run in vacuum appear to go to complet ion at  lower t e m 
p e ra tu re s  than in normal production bombs. The absence of a su r face - f i lm  
formation on the magnesium in react ions  under vacuum suggests that f i lms 
formed on magnesium in n o rm a l  bombs r e ta rd  the final reduction by r e s t r i c t 
ing the vaporizat ion of the magnesium.

A study of the above f i lm s on magnesium was made to de te rm ine  d i f 
ferences in composition which may affect firing te m p e ra tu re s  in n o rm al  
production. All samples of m agnes ium  heated in the  presence  of UF4 were  
coated with a  layer  of MgF^. MgF^ is also fo rm ed  on magnesium heated  in 
UO^F^ o r  m ix tures  of UF4 and U^Og. E lectron-diffract ion  s tudies showed 
that a thin layer  of MgO and Mg(OH)2 covers  the M gF2 except when the UF4 
contains e x ce ss  HF. The f i lm s on magnesium rea c te d  with UO2, UO^F^* 
or with m ix tu res  of UF4 and UO2F2 or l^Og, a l so  contained UO^. This  
U0 2 may have resulted f rom  a i r  oxidation of som e reduced uranium meta l  
o r  may have been produced during the reaction.  The absence of any film on 
the m agnes ium  heated in U F3 suggests  that the MgF2 film form s during the 
f i r s t  step in the reduction of UF4. Attempts to r e t a r d  this f i rs t  s tep  in the 
reduction of UF4 were not conclusive. Addition of NaHF2» KHF2# o r  UO2F2 
to the UF4 charge did not change the composition of the films on the Mg. 
However, an addition of HF did seem  to prevent the formation of MgO or 
Mg(OH)2. Since none of the powder adjacent to the magnesium in these  runs 
was examined,  one cannot be c e r t a in  whether reduction of UF4 to UF3 o c 
cu rred .  It would seem quite l ikely that the MgF^ f i lm could have fo rm ed  
through a react ion with the add i t ives  ra ther  than with the UF4.

CONCLUSIONS

1. The m a jo r  portion of the f i lm formed on m agnes ium  during the f i r s t  s tep 
of the reduct ion  of UF4 is M g F Minor phases  present  a re  MgO, 
Mg(OH)2, and U0 2.

2. Addition of H F  to the UF4 charge  prevents fo rm at ion  of the minor phases.

3. Each m agnes ium  particle r e a c t s  with UF4 to produce the MgF2 and a 
layer  of UF3 powder during p reh ea t  of normal  production bombs.

4 . No su r fa ce  f i lms a re  de tected on the surface of the magnesium when 
reduction is  c a r r ied  out in vacuum, even though the f i r s t  s tep of the 
reduction is  complete.

SJSC.BST



5. UFj is  quite stable against a i r  oxidation or fu r th e r  reduction by m ag 
nesium below 560*C. but is  reduced  to metal when heated  with m agnesium  
in vacuum to  600* C. for 4 h o u rs .

6 . In bomb production of u ran ium , the delayed final reduction  occu rs  when 
the vapor p re s s u re  of the m agnesium  is  sufficient to b reak  through the 
MgF; film , volatilising m agnesium  throughout the UF4 charge,

7. Delay of the spontaneous reac tion  allows m ore e x te rn a l  heat to be a b 
sorbed by the charge, in c re as in g  the fluidity of the reaction products .
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