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ABSTRACT

A method fo r  e le c tro s la g  rem elting (ESR) o f  a uranium a llo y  was 
developed which reduced th e  oxygen con ten t from 200-300 ppm to  le s s  
than  50 ppm. Slag com positions included acid  grade CaF2, reagen t 
grade CaF2, CaF2'Ca and CaF2‘MgF2 in  ESR m elting  a uranium -7.5 wt % 

niobium -2.5 wt % zirconium  a llo y .

Equipment and techniques were developed fo r  dry s la g  s t a r t s  and dry 
s lag  ad d itio n s  during m elting . The e f fe c ts  o f  s t r a ig h t  p o la r i ty  
versus rev erse  p o la r i ty  were examined as well as th e  e ffe c tiv e n e ss  o f  
s t i r r i n g .

Microexamination o f th e  s lag  a f t e r  m elting  was made and th e  chemical 
composition was determ ined. The uranium a llo y  was a lso  examined 
chem ically and m icroscop ically  fo r  the  s iz e  and d is tr ib u t io n  o f 
in c lu s io n s . A comparison o f a llo y  seg reg ation  was made between vacuum 
a rc  rem elted m ateria l and the  e le c tro s la g  rem elted m ate ria l by radiography.
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ELECTROSLAG REFINING OF A URANIUM ALLOY 
J .  L. Cadden and P. S. Lewis, J r .

INTRODUCTION

During th e  l a s t  two decades, th e  Y-12 P lan t a t  Oak Ridge, Tennessee, 
has produced numerous uranium a llo y s  by methods such a s : co -reduction  
from uranium h ex a flu o rid e , vacuum induction  m eltin g , consumable and 
non-consumable vacuum arc  m elting , vacuum sk u ll c a s tin g , and more 
re c e n tly , by th e  ESR or e le c tro s la g  re f in in g .

Our in te r e s t  in  ESR m elting a ro se  from a need to  find  a s u i ta b le  method 
o f reducing the  oxygen con ten t o f  machine tu rn ings o f a uranium -7.5 wt % 

niobium -2.5 wt % zirconium  a llo y . The a l lo y , re fe rre d  to  as M ulberry, 
was being produced by th e  consumable vacuum arc  m elting p rocess. E lectrodes 
were made by sandwiching s t r ip s  o f  uranium, niobium, and zirconium  
to g e th e r and m elting  in to  a 127 mm (5 -inch )-d iam ete r c ru c ib le  followed 
by a second m elt in to  a 178 m (7 -in ch )-d iam ete r c ru c ib le .

A successfu l recy c le  method had been developed fo r  th e  a llo y  using only 
cleaned m assive scrap which was d i lu te d  50% w ith v irg in  m ateria l in  a 
sk u ll c a s te r .  Attempts to  blend in machine tu rn ings had f a i le d  due to  a 
sharp r i s e  in  oxygen con ten t. Oxygen a t  th is  level produced u n s a tis fa c to ry  
m ate ria l because o f the  form ation o f la rg e  oxide agglom erates which 
caused poor mechanical p ro p e rtie s  and su rface  flaw s. A comparison o f 
th e  average a n a ly s is  fo r  the various types o f Mulberry i s  noted in  Table 1.

The VAR process a lso  produced an in go t which contained banding segregation  
and an in v erse  seg regation  o f th e  niobium from the  o u te r  periphery  o f the  
in g o t to  th e  core-.

CloTtflBUTION OFTH’.S DOCUMENT UNLIMITED



Table 1
COMPARISON OF AVERAGE ANALYSES FOR MULBERRY ALLOY

Production Processes
Element V irgin

Massive
Recycle

Blended
Recycle Chip

Melts
U (35) 89.98 89.89 89.93 89.74
Nb (%) 7.53 7.61 7.54 7.70
Zr (35) 2.47 2.47 2.45 2.42
C (ppm) 62 63 62 72
Fe (ppm) 52 56 103 209
Cu (ppm) 11 13 19 11
02 (ppm) 65 73 132 200-1600
Si (ppm) 50 70 100 150



The banding seg reg ation  i s  i l lu s t r a t e d  in  F igure 1 which Is  a p o s itiv e  
rep roduction  o f  a rad iograph  obtained from a 3 .2  mm ( l /8 - in c h ) - th ic k  
lo n g itu d in a l se c tio n  from th e  c en te r  o f  th e  in g o t. Numerous attem pts 
a t  reducing the banding by a l te r in g  the VAR c o n d itio n s , i . e . ,  v o lta g e , 
amperage, feed r a t e ,  and s t i r r i n g ,  had l i t t l e  e f f e c t .

The in v e rse  seg reg ation  i s  i l l u s t r a t e d  in Figure 2 which i s  a p lo t  o f  
the  niobium con ten t a t  various r a d i i  across th e  face  o f a 178 mm (7 -in c h )-  
d iam eter in g o t.

The above r e f le c t s  an in verse  seg regation  mechanism occurring  duri.ig 
s o l id i f ic a t io n .  The term inology " inverse  seg reg ation"  i s  used w ith  th is  
a llo y  system sin ce  th e  niobium in creases the  liq u id u s tem perature .
Normal seg reg ation  would g ive  lower niobium a t  th e  in g o t c e n te r  and to p .

We surm ised th a t  as th e  in g o t s o l id i f i e s ,  i t  sh rin k s  away from th e  wall 
o f  th e  c ru c ib le  re s u lt in g  in  poor heat t r a n s f e r .  This sh rinkage , in  
tu rn ,  reduces th e  thermal g ra d ie n t and produces a th ic k ,  mushy zone.

The shape o f the s o l id i f ic a t io n  f ro n t i s  i l l u s t r a t e d  in  Figure 3. As 
d e n d r it ic  growth o ccu rs , n iobium -rich c ry s ta ls  a re  f i r s t  to  freeze  
d e p le tin g  th e  ad jacen t l iq u id  in  niobium. S o l id if ic a t io n  shrinkage 
causes an inward flow o f niobium -depleted liq u id  and thus inverse  seg reg a tio n . 
The occurrence o f in te rd e n d r i t ic  p o rosity  a t  th e  c e n te r lin e  in d ic a te s  
inadequate flow o f  l iq u id  feeding the sh rinkage.

A change in  h ea t in p u t r e s u l t in g  from arc  wander o r  a rc  sh o rtin g  can 
d is tu rb  the  s o l id i f ic a t io n  p rocess. This change in  r a te  o f  s o l id i f ic a t io n  
was thought to  produce th e  banding observed by rad iography.
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Figure 1. RADIOGRAPH OF A 0.125-INCH-THICK, VERTICAL SLICE FROM A 
VAR-MELTED URANIUM-7.5 WEIGHT PERCENT NIOBIUM-2.5 WEIGHT PERCENT 
ZIRCONIUM ALLOY INGOT.
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Figure 3 . SEGREGATION OCCURRING DURING VAR MELTING OF A U-Nb-Zr ALLOY



I t  was surm ised th a t  th e  s la g  during  ESR m elting would f i l l  in around 
the in g o t as I t  sh rinks away from the c ru c ib le  wall and thereby promote 
improved h ea t t r a n s f e r ,  hence le s s  in verse  seg reg ation  o f  th e  niobium.
Also, i t  was hoped th a t  re s is ta n c e  m elting through th e  s la g  would 
" In su la te "  th e  m elt from sudden changes in hea t in p u t as observed w ith  
an arc  and thereby reduce th e  banding seg reg ation .

Other b e n e f i ts  o f  th e  ESR technique which appeared a t t r a c t iv e  included 
the p o s s ib i l i ty  o f  a sm alle r pipe c a v ity  a t  the  top o f th e  ingo t and an 
improved in go t su rface  which would n o t req u ire  machining fo r  subsequent 
o p e ra tio n s . ESR m elting  was a lso  considered as being s a f e r  s in c e  the 
e lim ina tion  o f  the  a rc  would reduce th e  p o ten tia l fo r  cup damage.

EQUIPMENT
The techniques fo r  ESR m elting  o f  th e  Mulberry a llo y  were developed on 
a Consarc 8 -inch  Laboratory Furnace which is  id e a lly  su ite d  fo r  th is  
type o f  work. The fu rn ace , as shown in  Figure 4 , i s  designed fo r  making 
both ESR and VAR m elts in  a c losed  system under vacuum o r  a p a r t ia l  
p ressure  o f  an in e r t  gas. The power supply c o n s is ts  o f  ten  D.C. u n its  
arranged to  fu rn ish  10,000 amps a t  40 v o lts .  These r e c t i f i e r s  a re  
c o n tro lle d  as a u n i t  during a m e lt, but changes in  vo ltag e  o r  c u rre n t 
must be made manually. The e le c tro d e  d rive  may be c o n tro lle d  m anually, o r  
by arc  vo ltage  using a p re se t re fe ren ce  v o ltag e , o r  by d e te c tio n  o f ionized 
columns o f  metal vapors (c a lle d  "Phantom" sh o rt c i r c u i t s ) .  The vacuum 
system c o n s is ts  o f  a mechanical pump fo r  roughing and holding and two 4-inch 
o i l  d if fu s io n  pumps. Two m elt s t a t io n s ,  designed fo r  l iv e  mold o p e ra tio n , 
are a v a i la b le . One s ta t io n  is  equipped with e lec trom agnetic  s t i r r i n g  c o ils  
having a 0 to  25 gauss c a p a b ili ty  fo r  s in g le ,  c y c l ic ,  o r  double mode s t i r r i n g .



Figure 4 . EIGHT-INCH-DIAMETER CONSARC LABORATORY FURNACE
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A second 20-inch-d iam eter Consarc Furnace was a lso  a v a ila b le  to  make 
se le c ted  10-inch-diam eter m elts . Both furnaces a re  designed fo r  dry 
slag  s t a r t s .  A se p a ra te  chamber con ta ins a hopper to  hold th e  s la g  
m a te r ia ls ,  a v ib ra to r  chute  to  contro l the feed r a te  and d e liv e r  th e  
dry s la g  to  the c ru c ib le ,  and a b a ll valve to  i s o la te  th e  chamber from 
th e  fu rnace  proper. A second v ib ra to r  has been a ttach ed  to  the s to rag e  
hopper to  e lim ina te  b rid g in g .

EXPERIMENTAL WORK

Our f i r s t  task  fo r  th i s  in v e s tig a tio n  was to  f in d  a s u i ta b le  s la g .  S ince 
uranium i s  a very a c tiv e  m eta l, the l i s t  o f  m a te ria ls  fo r  ESR s lag s  is  
sh o rt. Most o f th e  connton components o f  commercial s lag s  a re  e lim ina ted  
because o f  th e  r e a c t iv i ty  o f  uranium w ith ox ide-con ta in ing  m a te r ia ls .
This coupled w ith vapor p ressu re  r e s t r ic t io n s  a t  o p e ra tin g  tem peratures 
and p ressu res  g en e ra lly  lim ite d  our choice o f c o n s titu e n ts  to  the  follow ing 
f lu o r id e s :  L iF , SrFg, CaF2, MgF2» and R. E. ( r a r e  e a r th )  f lu o r id e s .

I t  appeared th a t  CaF2 was th e  most s u ita b le  m ate ria l s in c e : 1. i t  is  
used alm ost u n iv e rsa lly  as the  p rin c ip a l c o n s titu e n t o f  ESR s la g s ;  2. i t  
i s  econom ically a v a i la b le ;  3. i t  has a lower vapor p ressu re  than o th e r  
cand idate  m a te r ia ls ; and 4 . i t  is  in e r t  to  molten uranium.

From the  Molten S a l t  Reactor Program, in v e s tig a to rs  a t  the  H o lif ie ld  
Oak Ridge National Laboratory had observed th a t  oxides a re  more so lu b le  
in an a c id ic  o r b a s ic  s lag  than in  a neu tra l s lag  such as CaF2. I t  was 
a lso  known th a t  an ESR s la g  should have a m elting  p o in t a t  l e a s t  200°C 
lower than th a t  o f  th e  metal to  be m elted. S ince CaF2 has a m elting 
po in t o f  1410OC compared to  13I0OC fo r  M ulberry, ad d itio n s  o f MgF2 would
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n o t only drop th e  s lag  M.P. but a lso  increase  th e  a c id ity . Uranium a llo y  chips
r

which had prev iously  been degreased and chopped were b r iq u e tte d  in to  
an e le c tro d e  as shown in  F igure 5.

S everal unsuccessful a ttem pts were made a t  ESR m elting  th ese  e lec tro d es  
w ith  CaF2 s lag s  con ta in ing  5-10 wt % MgF2* The problem was surmised to  
be a r e s u l t  o f  the  d is so c ia tio n  o f the  MgF£ to  Mg re s u lt in g  in  the 
a rc  sh o rtin g  to  th e  w all o f  th e  c ru c ib le  and te rm ination  o f th e  m elt.
From these  m e lts , however, i t  was observed th a t  th e  m elting p o in t o f 
th e  s lag  d id  n o t appear to  be as c ru c ia l as expected .

C onsequently, our next m elts were made w ith  CaF£ prefused  w ith  0 .5  wt %
MgF£. The s l ig h t  ad d itio n  o f  MgFg was made to  promote s o lu b i l i ty  o f 
th e  oxides in  the  s la g .  No d i f f ic u l ty  was encountered in m elting with 
th e  s lag  com position. The m elting  param eters a re  l i s t e d  in  Table 2.

F igu re  6 i s  a photograph o f  a ty p ic a l in go t from th is  s e r ie s .  As can 
be seen , some s la g  entrappm ent has occurred n ear the  s t a r t  o f  m elting 
and is  probably due to  the  ad d itio n  o f  too  much s la g  i n i t i a l l y .  The 
rem ainder o f  the su rfa ce  i s  rough and has the  appearance o f gas 
entrappm ent a t  the  slag -m eta l in te r fa c e .

The chemical da ta  from th ese  ingots a re  l i s t e d  in Table 3 . As can be 
observed , th e  major c o n s titu e n ts  U, Nb, and Zr a re  w ith in  expected lim its  
a s  i s  the  C, Cu and N2. The iron  has increased  in d ic a tin g  chip 
contam ination . The s i l ic o n  con ten t has n early  doubled and th e  oxygen 
i s  e r r a t ic  and considerab ly  h igher than d e s ire d .



Figure 5. BRIQUETTED CHIP ELECTRODE USED IN ESR MELTING STUDIES



Table 2
MELTING PARAMETERS FOR ESR MELTING BRIQUETTED CHIP ELECTRODES INTO 10-INCH-DIAMETER INGOTS

Furnace

Slag Composition
Slag Weight 

Plan Fed In Hopper
Slag Cap 
Thickness Melt Power

P ressure  
mm o f Mercury Ingo t

Weiqht... kg . . kg kg (mm) (in ) v o lts kiloamps
CaF2 -  0 .5  wt % MgF2 20 20 0 127 5 17-22 6 .0 -8 .0 25.4 280
CaF2 -  0 .5  wt % MgF2 20 20 0 140 Sh 17-23 5 .5 -9 .0 25.4 296
CaFg -  0 .5  wt % MgF2 20 20 0 127 5 18-20 5 .5 -9 .0 25.4 291
CaF2 -  0 .5  wt % MgF2 20 20 0 115 45s 18-19 5 .5 -8 .5 25.4 315

PO
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Figure 6. TYPICAL 254 mn INGOT RESULTING FROM ESR MELTING 
A BRIQUETTED CHIP ELECTRODE WITH A CaF2-0 .5  wt % MgF2 SLAG



Table 3
CHEMICAL DATA OBTAINED FROM INGOTS ESR MELTED 

USING CaF2-0 .5  wt % MgFz SLAG AND A BRIQUETTED CHIP ELECTRODE

URANIUM
%

NIOBIUM
%

ZIRCONIUM
%

CARBON
ppm

COPPER
ppm

IRON
ppm

SILICON
ppm

NITROGEN
ppm T

____ BEL B. B* ** B B T fct T 8 I nr T B i B 1 Z 3 1 2 3
89.7 90.4 7 .9 7 .3 2 .5 2 .4 54 152 2 2 200 200 150 200 14 20 107 145 1131
89.6 89.9 8 .1 7 .4 2.5 2 .4 84 138 4 4 200 200 200 350 18 20 399 105 151 112 100 n:
89.1 90.2 8 .0 7 .4 2 .4 2 .4 58 81 4 40 200 250 175 250 89 12 181 88 459 134 99 212
89.6 90.3 8 .2 7.7 2 .5 2 .4 64 50 4 25 175 175 125 175 25 18 215 111 131 63 78 91

* Top
** Bottom
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One o f  th e  in go ts was subsequently  processed in to  p la te  and sec tioned  
fo r  m eta llog raph ic  exam ination. Figure 7 rev ea ls  th e  m ic ro s tru c tu re  o f  
ESR m elted a llo y . The ESR m ateria l con ta in s numerous small oxide 
in c lu s io n s . The s iz e  and uniform d isp e rs io n  o f  the  in c lu sio n s  prompted 
an exam ination o f  the s lag  caps from these  in g o ts .

The s lag  caps contained two d i s t i n c t  reg ions: a 3 to  3-1 /2" gray la y e r  on top 
and a red la y e r 'n e x t  to  the in go t. The s lag  samples were examined by o p tic a l and 
scanning e le c tro n  m icroscopes. P a r t ic u la te  m a te r ia l ,  which showed a ruby 
red c o lo r under po larized  l ig h t  which i s  ty p ica l o f  uranium o x ide , was 
observed in  th e  red la y e r  nex t to  th e  m etal. These p a r t ic le s  appeared to  
have metal c en te rs  and nonm etallic  d ep o sits  o u ts id e . Only uranium , 
zirconium , and oxygen were found when th ese  p a r t ic le s  were analyzed by 
e le c tro n  m icroprobe. The morphology o f  th e  p a r t ic u la te s  was s tro n g ly  
su ggestive  o f  form ation by p re c ip i ta t io n  from so lu tio n . To check th is  
th e s i s ,  th e  s la g  m ateria l was rem elted under argon and both slow cooled and 
rap id  quenched. The quick quenched specimen showed a uniform d is tr ib u tio n  
o f p a r t ic u la te s ,  whereas th e  slow -cooled specimen showed a band o f  p a r t ic u la te s  
around a c e n te r  sh rink  c a v ity . These da ta  suggest th a t  th e  oxide p a r t ic le s  
in  th e  e le c tro d e  are  d isso lved  in  th e  s la g ,  re p re c ip ita te d  in  the  metal pool, 
and w ith rap id  s o l id i f ic a t io n ,  appear in the m ic ro s tru c tu re  as f in e ly  
d ispersed  p a r t ic le s .

One method fo r  producing uranium metal i s  by the  bomb reduction  o f  oxides 
using calcium  metal as th e  reducing agen t. This prompted our next se r ie s  o f 
m elts in which Ca metal was added as granules to  the CaF2-0.5 wt % MgF£ s la g . 
M elting cond itio ns were s im ila r  to  the  previous CaF2-0.5 wt % MgF2 s lag  m elts .
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Figure 7 . PHOTOMICROGRAPH SHOWING SMALL, EVENLY DISPERSED OXIDE 
INCLUSIONS IN ESR PROCESSED URANIUM-7.5 WEIGHT PERCENT NIOBIUM- 
2 .5  WEIGHT PERCENT ZIRCONIUM ALLOY USING CALCIUM FLUORIDE SLAG. 
(As P o lished , B right F ie ld  Illu m in atio n  -  100X)



17

The oxygen and s i l ic o n  r e s u l t s  from th is  campaign a re  contained in  Table 4. 
The oxygen conten ts do no t show an improvement and th e re  appears to  be a 
seg reg a tio n  o f th e  oxide to  th e  top cen te r  o f  th e  in g o t. The s i l ic o n  
co n ten t has a lso  remained about th e  same as the ingo ts melted w ith  the  
CaF2~0,5 wt % MgF2 s la g .

There was, however, a s ig n i f ic a n t  improvement w ith re sp e c t to  s lag  flux ing  
and in g o t su rface  w ith  th e  Ca ad d itio n  as shown in  th e  photograph o f  the 
in g o t in  Figure 8 . There was only a tra c e  o f  unmelted s la g  in  th e  bottom 
and th e  su rfaces v/ere much b r ig h te r  in appearance.

In search ing  fo r  th e  cause o f  th e  s i l ic o n  contam ination , an a ly sis  o f  th e  
CaF2 was made. The acid  grade CaF2 was used and con ta ined  0 .7  wt % Si02 and 
0 .8  wt % to ta l  oxygen. Reagent grade CaF2 was ob tained  and an a ly sis  
showed i t  to  con ta in  0.02 wt % S i02 and 0.7 wt % t o ta l  oxygen.

The s i l ic o n  in c rea se  in  th e  Mulberry made w ith th e  ac id  grade CaF2 suggested 
th a t  th e  S i02 in  the s lag  was reduced by the  uranium in  the  a l lo y .

To determ ine i f  s i l ic o n  contam ination could be p reven ted , reagen t grade 
CaF2 was purchased and used in  the  follow ing th re e  m elts as CaF2-0 .5  wt % 
MgF2-4.8 wt % Ca. The chip e le c tro d es  were a lso  m elted in to  178 mm (7-inch) 
d iam eter ingots r a th e r  than 254 mm (10-inch) d iam eter. The oxygen and 
chem istry  r e s u l ts  a re  l i s t e d  in  Table 5.

I t  i s  apparent from th is  d a ta  th a t  the s i l ic o n  contam ination was indeed 
coming from th e  acid  grade CaF2 and th a t  i t  could be e lim ina ted  by using 
th e  reagen t grade. I t  i s  a lso  apparent th a t  a s u f f ic ie n t  reduction  in 
oxygen occurred over most o f  th e  length  o f the in g o t b u t s u f f ic ie n t  Ca was
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Table 4
OXYGEN AND SILICON CONTENT OF INGOTS MADE BY ESR MELTING 
BRIQUETTE CHIPS IN A CaF2-0 .5  wt % MgF2-4 .8  wt % Ca SLAG

Oxygen
______ PPm____ S ilic o n

ppmTop End Bottom End1* 2 3 1 — 2 — Top** Bottom
100 96 88 101 98 95 400 300
410 89 114 80 81 74 200 400

2975 70 90 690 93 156 200 200
1548 76 90 73 85 81 100 200

* Samples obtained from (1) the in g o t c e n te r ,  (2) m id -rad iu s, 
(3) o u te r  periphery .

** Samples obtained from e n t i r e  face  o f  th e  in g o t.



Figure 8 . IMPROVED SURFACE OF ESR MELTED INGOT 
RESULTING FROM ADDITION OF Ca METAL TO THE SLAG
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Table 5
OXYGEN AND SILICON CONTENT OF 178 mm (7-INCH)-DIAMETER INGOTS 
MELTED USING REAGENT GRADE CaF2-0 .5  wt % MgF2-4 .8  wt % Ca SLAG

_______ Oxygen _________
Top Bottom S ilico n

” 1— — r I — 2 T TOP Bottom
559 81 77 81 78 74 45 65
593 111 119 69 68 81 50 75
291 52 61 63 76 91 60 80
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no t a v a ila b le  near th e  top causing a sharp r i s e  in  oxygen near th e  c e n te r .

A dditional m elts were made w ith th e  Ca con ten t increased  to  5 .5  wt %.

Also sev e ra l m elts were made w ithou t the  MgF£ ad d ition  to  determ ine i t s  
im portance. The oxygen r e s u l ts  from the  above m elts a re  shown in  Table 6.

I t  did n o t appear th a t  th e  Mgp£ ad d ition  was in creasing  th e  s o lu b i l i ty  
o f  oxygen in  the s lag  s in ce  l i t t l e  d iffe re n c e  was be observed between 
th e  s la g s  which contained MgF2 and those th a t  did n o t. Oxygen reduction  
i s  a r e s u l t  o f  th e  Ca metal ad d itio n  and by in creasin g  th e  add ition  from 
4 .8  wt % to  5 .5 wt % a s u f f ic ie n t  supply was a v a ila b le  a t  th e  top o f th e  
melt to  e lim in a te  the  p rev iously  noted bu ild -up .

The su rfa ce s  o f  th e se  ingo ts were q u i te  smooth and b r ig h t in  appearance 
and did n o t req u ire  cond ition ing  fo r  subsequent p rocessin g . Figure 9 shows 
a ty p ic a l ingo t a f t e r  removal o f  th e  s lag  sk in .

Figure 10 is  a p o s itiv e  rep roduction  o f a radiograph se c tio n  taken o f a 
3 .2  mm ( 1 /8 - in c h )- th ic k  lo n g itu d in a l sec tio n  from th e  c e n te r  o f th e  
above in g o t. Also shown in th is  f ig u re  fo r  comparison i s  a radiograph o f 
a s im ila r  sample taken from a VAR m elted in g o t. I t  does n o t appear th a t  
we have caused a g re a t  deal o f  change in  the banding seg reg ation  by ESR 
m elting . Apparently the  banding i s  more c lo se ly  a sso c ia te d  w ith  th e  freezing  
p a tte rn  o f  th e  ingo t ra th e r  than f lu c tu a tio n s  re s u lt in g  from changes in  
heat in p u t. The in v erse  seg reg ation  has been improved as can be seen in  
Figure 11. Although th e  improvement i s  s l ig h t  w ith  re sp e c t to  chem istry , a 
more dram atic  Improvement 1s a sso c ia te d  w ith th e  un ifo rm ity  o f  mechanical 
p ro p e r t ie s .
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Table 6
OXYGEN CONTENT OF 178 mm (7-INCH)-DIAMETER INGOTS MELTED 

USING REAGENT GRADE CaF2-0 .5  wt % MgF2-5 .5  w t % Ca AND REAGENT GRADE CaF2-5 .5  wt % Ca SLAG

Slaq Composition 1—
Oxygen
Top— Y — 3

Reagent grade CaF2-0 .5  wt % MgF2-5 .5  wt % Ca 66 64 71
Reagent grade CaF2-0 .5  wt % MgF2-5 .5  wt % Ca 92 46 68
Reagent grade CaF2-5 .5  wt % Ca 75 61 64
Reagent grade CaF«-4.8 wt % Ca 38 30 32



Figure 9 . TYPICAL INGOT APPEARANCE AFTER ESR MELTING 
IN A REAGENT GRADE CaF2-5 .5  wt % Ca SLAG. INGOT 
DIAMETER IS 178 nm (7-INCHES).



Figure 10. RADIOGRAPH OF A 0.125-INCH-THICK, VERTICAL SLICE FROM A URANIUM-7.5 wt % 
NIOBIUM-2.5 wt % ZIRCONIUM ALLOY; (A) ESR PROCESSED USING A CAFo-5.5 wt % Ca METAL SLAG, 
(B) VAR PROCESSED.
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Figure 11. NIOBIUM AND ZIRCONIUM ANALYSES 
FROM A 7-INCH-DIAMETER ESR MELTED INGOT.
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CONCLUSION

ESR m elting  has been dem onstrated to  be a v iab le  method o f  m elting a 
uranium -7.5  wt % niobium -2.5 wt % zirconium  a llo y . S ig n if ic a n t oxygen 
re d u c tio n s  were achieved in  recyc lin g  maching tu rn ings which had been 
a so u rc e  o f contam ination. Calcium metal ad d itio n s  to  CaF2 s lag  were 
re sp o n s ib le  fo r  th e  oxygen red u c tio n . I t  was a lso  shown th a t  reagen t 
g rade  CaF2 is  req u ired  to  preven t s i l ic o n  contam ination o f  the m elt.

Banding seg reg a tio n , as observed by rad iography, was not e lim ina ted . 
However, some improvement in th e  inverse  seg reg ation  o f  th e  niobium to  
th e  in g o t core was made compared to  s im ila r  diam eter in g o ts  made by the 
VAR p rocess.
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