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f               Th.487, Thasa, ThS, CeaSJ, Ce334, and CeS have been.

satisfac6orily used for remeltfng of cerium metal in a
vacuum at 150Qvco Results of tests are given and the
effect of oxide impuritios in the sulfide crucibles is
considered. Ceriurd halide reductions have been carried
out in CeS crucibles.  If the CeS is not pure, the cru=
cible is barlly cracked.  Pure CeS crucib'es are satis-
factory containers for thi: metal reduction reactiono
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XVII       Tilt::  US)';  OF  SULFID],;  CRUCIBLES  FOR
.2, .
/ RE ELTING AND REDUCTIONS-:

ln Grier to determine the Dronor purities and poraaities
required to Isalce the sulfide crucibles Most resistant to attack in
use and to determine the best uses for each sulfide material, varl-
ous exper 10 ve, been performed at Berkeley using cerium and
uranium a and-ins Ci.   '' R»...=„.....    la'll-. -      . .- .-- -

--

Previous experiments have determined the effects of U, Ce,
Ba, Sr, U+UBr3, U+CaC12, U+SrBr2, U+BaIT and U+SrIa•  The results
of testing of baS are given in Sulfide Report TIV  (CT-2222).   The
results of most of the tests of other sulfides are given in Sul-
fide   Report   XI   (CK-1714)   and   "The  Thermodynanics   of  high  Vacuum-High
Temperature Systems Applied to Refractories" (CC-1802) wlth a sunimary
in Sulfide Report XVI (CT-    ).

The present report presents results of recent tests.  The
tests of crucibles for remelting purposes will be discussed first.

A.  The Use of Sulflae Crucibles for Remelting.
t

™                           Previous   tests have indicated tilat  cer.lum..is  111UQh.mona-d-es=-,   t' f, '0truetive to refractorles than   uranium,71*Ei=fT-isa   more-"-s..a-En-frEt drt·16/-
,|E raftbfeall -pred'5*t-work 7ms   been   done- with-  cerium.
Pr-67<5Erexperlinents extending up to 1300'Co have indicated that all
the sulfides except BaS were satisfactory for remeltlng of cerlum.
This was very promising since even tho best oxid3 refractorios are
reported to be badly attacked at 1000-12009C.  To test the sulfide
crucibles under very severe condltions, cerium was heated for fifteen
minutes  in  each  of the siilflde cruclbles at 1500"C.  in a  vacuum.    The
sulfides tested were Th4375 Thasi, ThS, Ce 233, Ce384, and CeS#  The
cerium used was Ames cerium which was prepared by calcium reduction
and contained a considerable amount of calciumo The calcium lalpilrity
increases the reactivity of the cerlum, but the

presence of cq# ;Kumduplicates more closely the remelting conditions.               1
n- .

Table I sivcs the composition, flring conditions, and U U.

porosities of the crucibles used in the tests.  No oxygen analyses
were performed on the Ce233 and Ce:·:S4 used, but they contain at least
2 to 5% oxide which comes from the starting Cea33 material.  They also
contain sodium, masnesium, and calcium sulfiles as impurities which
also corie largely from the starting (8283 material. The other sulfldea
were analyzed for sulfur and the oxidation number determined by the
methods glven. in Sulfide Report· XII  (CC-2078) . The difference between

-C.. ..

sulfur and oxidation number gives oxygen content.  The flrins tempera-
tures given are temperatures observed with optical pjrometer with no
corrections for glass absorption  or black body deviations.  The true
temperatures are about 100'C. hlgher.  The porositles given include
closed volds and are det,:I·lnlned by comparing observed densities with
x-ray densities e    The  porosities  were not actually determined  for
each cruclble but were estimate'1 by comparing slirinkages on firing
with  shrinkages of similar cruclbles -f.0-EJ.jhich  densities-wnre  determined o
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4, No. Composition ' Firing Conditions rorosity 1
1Observed Temperatures /

6 1

8
433 37131.77·0*04Th02 1650'C. 30 min. 20%.        i

4.55 ThSl.75.0.04Th92 1695ec. 60 min. 2 -59           9

1

- 1 ThS1058.0.07Th02 | 1740'C. 15 mln. 20%   '

1458 Th51.53•0.08Th02 17500 C * 60 mine SW   i
/ I

.
2 387 ThSO•994.0.22Th02 1825ec. 15 min. 10-15%   

&

390 ThSO,994.0,22Th02 1900UC. 40    min.                                        lf.                i

1

511 Ce31*51 1780' C. 10 min. 5-10%   i
.

r..C'488 Ce, 84 17606' C. 15 min. Ve

422 CeSO.96700.043 1600'C. 30    min * 25%
1                          1

O l' #440 Ce51.0200.04 17500C. 15  min.                     09

1

i 501 CeSoc9700*06 i Unfired Unflred 25%

Clean pieces of cerium retal were alded to each crucible.
The  crucibles  were  N type cruclbles  and  2.2  to  2.6  grams of metal
were added.  The crucibles were heated slowly to 900'C. in one houro
The Blow heating was roquired so that the evaporation of the volatile
immlritles such ae Ca and Ce(13 would not spray the cerium metal out
of the c micibles . The temperature  was then raised  to  1500'C.  over  a
period of thlrty minutes  and  then. zaintained  at  1500"C.  for  fifteen
minutes.    The  crucibles  were all  heated  together  inside  a  Lo  cruclble
which r. as inducti'.:,ly  eated. The pressure read on the knul sen gauge
without trap was 4x10- mme just before heoting was stopped.  After
cooling, the crucibles were broken from the ingots and 0.1 9, samples
of metal removed for sulfur analysis. Duplicate determinations  are
brickr .ed together. Samples from  the  ingots  with  very  high  sulfur
content Clve varying results because sulfide inclusions anparently
Causo variation in sultur content  tlirough the i-... Sulfur analy::*,s

were performed o.sing the irethed slven 3.n Part IV of Sulfide Heport
XII  (CC-209'5).   Table II gives  the solfur contents  of the ln.aots and
cruclbles 21·+ t.er tlze l,eo.tinG at 14.009.C.  All remelted incot S 2,ad a
silvery metalllc luster when eleaned. Sulfur content ls given in p. p.mo
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TABLE IIe RESULTS OF REMELTING OF CERIUM AT 1500 C m

trucible Sulfur : Descrintion of Ingot
00#tent400 ----- 629,BUU  .Almost  flat  smooth surface wlth no wetting  of

,/ i

por .T]143 7      710 ,670 t 9

sides of crucible above ingot o    A  thin  laver
: of  crucible s tuck to ingot when crucible  was

i tbroken offe  The ingot was silvery when cru=0

}cible layer was filed offe 005% weight losso

j 465 ---1  1,5,010, Same appearance as 4350  Oo5% weight loss.'

Dense Th437(6,880!
.. 430 , 5 p,280 Same appearance  as  433. 0 .5% weight loss.

Por. Th283 i

458 (34,6002Concave surface with wetting of sides of cru=
Dense Th233(27,200) cible almost up to lip.   A thin layer  of  cru-         ;

cible stuck to ingot.  0.6% weight loss.
i387 . 7,900 Concave surface with wetting of sides of cru-      iPor.  ThS i cible part way up to lip.  A thin layer.of

crucible stuck to ingoto

390 18,080  Very concave surface with metal over lip and
' Dense ThS on outside sides of crucible o Metal had evi-

dently sprayed  out, over  edge o    The  inoot  had
+                                ·                lost  almost  half  of  its  weight .    A  thin  layer
- of crucible was stuck to ingoto

511 4,110  Slightly concave surface with no wetting of(6233 crucible walls above ingot surface.  Thecrucible broke lose. from the ins;ot with pract..3-
ally none of the crucible left on the incoto
0.5% weight losse

488 3,490     Exactly   same   appearance   as   511 c The cruci .:c
Ce3S4 broke loose from ingot with practically r r.e

of the crucible left on the ingot.

422 -==== ·The metal had completely soaked into t]z j cru-
Pore CeS cible leaving no trace although from t .c weightof crucible and ingot, only 1.6% of t] A ingot

i
was lost,

'

440 1,630 Sliontly concave su.rface with no -.e'.ting of walls  1.,

Dense CeS above ingot surface.  A thin layer of the crucible  
stuck    to the ingot    whish    was    silvE.,v   when    cleanede   i

1:                       The weight loss was 0.7%.

I.                           
  ..                  i-. 501 ----=- The.ingot had completely soaked Into the cru-

1

2

Poro CeS cible.leaving no trace of metal.
1                                                                                                                                                                                                                                                                                           1
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The first  conclusion to be drawn by comparison of Tables
I   ard   II   is   that   the crzc ibles·  with  porosities   greater than 20%

. soaked up all the cerium metal at 1500'C.  It is clear that the
pore size is the determining factor and the high surface tension
of  the motal,prevents soaking  into  the crucibls unless the porcs
are large o 'fhe higher the tempe rature a   the  more  non=porous  rilast
the Cruciblos be to prevent soaking of the metal into the cmicible 
Since it is easy to obtain sulfide crucibles with porosities less
than 10%, soaking up of metal by capillary action is no problem
with sulfide crucibles.

.'               The second conclusion is given by the small weight lossese
The spraying of metal which occurred in previous experiments was
eliminated by slow heating while volatile impurities were distilled
out except in the case of ThS crucible 390*  The ThS crucibles are
believed to have the highest thermal conductivity of any of the cru=
cibles and clue to more rapid heat conduction from the Mo heating cru-
cible, the dense ThS heated more rapidly tlian the other crucibles and
spraved metal even though the others did noto  Thereforep  one would

.i

confludo that the rate of heating should be slowest when using ThS
crucibles and can be increasing more rapidly.in going from CeS to
Th233 to Th487 to Ceis4 to Ce 233 crucibles,

The most remarkable result of these tests is the slight degree'
'                of  attack  of   the  Ce334  and (9233 crucibles o The attack  of  any  of  t he
d . crucibles was remarkably small considoring the temperature of Lhe ex-

poritrent B  but  the  ingots  contained  in  the  C<334  and (0233 cruclbles broke
·     cleanly from the crucibles.  The sulfur pickups of 3000=4000 popome

were very small considering the temperature.  The lack of attack is due
to a th'n imporlous film of CeS formed on the surface of the crucible,
or  to  lack  of  wetting  by  the  ma tal.    When the crucible is bro]ren  off
the  ingot,   there  is  a  very thin brassy  CeS  film  on the crucible  and  on
the ingot.  The ingot in the CeS crucible had the smallest sulfur pick-
up, but like the ingots in the thoriu.m su].fide crucibles, there was a
layer of crucible inaterial approximately 0.1-0.5 mr_ie thick which did not

break off easily and may represent slight penetration of the crucible
by the cerium metal.  It is difficult to explain why the ingots in the
Ce33* and (9283 crucibles br,eak away cleanly while the ingot in the
CeS crucible does not, but the same results were obtained. in the lower

temperature  runs  where  it  1 las  evident  that  CeS  is  wet  more  readily
than   are  the  hidher  sulficles *

A.

The thorium sulfides held up rather poorly compared with the
cerium sulfides at the high temperature. This is in contrast to their
behavior at temperatures below 1300'C. where the thorium sulfirles rere
as  good or b3tt: r than the  corium sulfiles o   A  possiblo explanation
for the higher sulfur pickups and the 0.1-0.5 mme thicknesses.of cru-
cible remaining on the ingot is the oxide content of these sulfides
which varied ftom 22% Th02 in ThS to 5% ThOe in Th4570  It is known
that the oxides are nore readily attacked than th.e sulfirles and the
attack of the oxide 4,ase can allow penetration of th.e cruelble by
the De to.1 for several icnths of a rillimetcr and nossibility of disen=
gagement    of   Darticles    of   sul ride   material   from   the   surface.      It   is
quite nosoible that oxide free thorium sii].fides would give ·nnich smaller

sulfur Diclcup and would break cleanly from the incot. Oxide froe sul-
fides    can   be   i·tarlc   if    thor linn  -me ta.j    can   be    pu.rl.ried   to   reduce    tha    oxide

.................
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content.  Fork is in progress to attempt such nurification.  Such work
sesne porthwhile since Th4S'7 and Thas3 appear to be very :;ro'mising
refractories  on  the  basis  of  the  lower  tenperature  experiments c

The smaller sulfur pickups in the cases of the porous Th283
and ThS crucibles are rather puzzling o A possible chemical  explana=
tion is that the higher firing temperature required for production
of the dense crucibles has resulted in reaction botwsen ThOa and

'. sulfide to give oxysulfides that are more readily attacked than ThOzo
From appearance of the ingots in the crucibles, it apneared that the
dense crucibles  were  more  readily  wetted  by  the  molten  metal o

In sur·imary, these results at 1500'Co indicated thut remelt-
ing or vacuum heating of cerium containing alkaline earth impurities
can be carried  out with little att:ick  of  the  crucibles o .  The  poro=
sities of the crucibles must be 20% or lower to prevent sotking
up  of tho rzetal. The thorium sulfides give hlgher ault'tlr  pickups
and more evidence of attack which may be duo to the high oxide contento
Ce 253 and Ce354 gave ingots which broke away cleanly with 3000-4000
pop„131. sulfur,  CeS gave an ingot with 1600 pop.m. sulfur and thin
layer of crucible sticking to ingot,

Comparison with previous lower temperature runs shows that
Th4S7 and Th283 also give·ingots which break cl.eanly away from the

&      crucible when the heating is below 15006'Co  Also the sulfur pickups
2    at the lorrer temperatures were always less than 400 popsm* and less

than 100 pop,mo in many cases. It should be noted that the product
/ remelts are usually not made above 1200'Co  Comparison of these results

a with results obtained in oxide crucibles indicate that the sulfide
crucibles are far superior.

'                The resistance of the sulfides to attack at 1500'C, may
prove valuable if it is desired to purify a metal by vacuum heating
at  a high  temperature.   While  all the alkali and alkaline earth motals
except Be can bo removed by vacuum heating at 1200-1300WCO, Al, Cr,
and 1,32 can not be removed unless the temperature is raised to about
1500'C.  Even higher temperatures are required to remove Be and B by

simple distillation of the metal, but it should be possible to obtain
conplete removal of Bc and B as BeS and BS gases even at temperatures

·        as low as 1200=13 JO'C. by vacuum heating in a Th457, Ce354, Or Ceasa
cruclble.    It  has been shovm in experiments which  have been reported
in   previous   re-norts   ilint   Be   in  uranium  can be decreasod to below   0.05
p.per·lo by melting for five minutes at 1300'C. in a high sulfide
crucible.

B.,    '1'Hr  832  Qi·'  ST,}LvIDE  CiuTCI:31,1;:S  FOR   i,·ET,iL  KEDUCTIONS,
2'71   006

The previous tests with Ba, Sr, and mixtures of U with
various halides which were mentioned in the introduction showed
that   the high.or sulfides are attacked too severely   to   bc   used   as
containers for reductions, dowsver, CeS, T] S, US, and solid. nolu-
tions of these monosulfiles did resist attack and they appear satis=
factory as containers e    Dr.  Villiam  Gwinn has carried out further  tests
on CeS cruclbles   with. varying   amounts   of   higher   sulfirle   impurity   in   the

,    CeSn  Crucibles of cOC'!Donition CeSo.9900*073 wore not attacked by the

followino mixtures at 800=900uce: (1) molten calcium vctal,-calcium

r-,         .metal  +   Caala,  and   (0)   a.·.'ilzture   of  LiC*12:K(11:s. 95(1„  and  Ce(13.: : t. :M...:R,··12..: I.  I . .. . .. . .
.
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Howsver uhen Ca + LiCl +  KCl +  CaC) 2  r  s  heated  in the  crucible  or
When   CeCl.3   was    reduced    by    Ca    in    a   Ll.Cl    +    KCl    bath,     the    crucible   was
severely cracked  .      itxaminntion   of   the    cruclule   material   between   cracks                         Iindical:ed.- ne,· e.hemiCal attack of the CeS sl.n·:e the brassy color of the         
Ces  was  quite  evident . Previous  1,11.(-rose.or., :.  exc;.,,17,8 !:1::n  of  'Dollslied.

section  of  crucibles  of  LIlla  Componition at  M.I.T.  had  shown  that
ueSO:9900.073 Consiste of two phUSeS* There is the brass CeS Dbase
and a blue phase r.,liich is undoubtedly Ce334 containing a large per=
centage of oxygene  The CeS grains 7veraKe about 75 microns in dian,etor
and are completely sena'rated from each other by the blue phase.  Sin.c:e
previous    experiments   have    shown   that    the   higher    sulflass    are    severely
attacked by the reduction mixture, tlie cracking of Ce3069900.073 cru-
cibles is probably duc to attack of the higher sulfide betr.:sen the
grains whlch results  in  intergranular  cracking .    To  check  this E  .the
reduction experiments were repea ted with crucibles of composition

· CeSO:96-00.043 which had been shown under the microscope to conslst
of  a continuous fleld  of  CeS with sn:all patches  of  the blue phase .
These crticibles ktowed no cracking whatever during the reduction al=

though heating was very ranid and every attempt was mde to make the
test as severe as possible.

It is clear from those exnerirrients that in oraer to be satis=
factory, CeS crucibles used for reductions sust havo so little higher

..,     sulflde in theE that the Cer, grains are no longer separated by the
,    higher sulfide nhase.    CeS  samples  with  oxiaation  numbers 2 .12, 2.10,

2.09, 2.05, and 2.02 have been sent to M.I.To to determine the maximum
' allowable oxidation nuinber above 2.00 for which the CeS grains are not

'         1
surrounded by the higher sv.lflde,  The CeS preparations have been

n  '   running somewhat high in oxidation number because of rather high carbon
and oxlde contents of the (9233 we have boen receivinlo  Dre Johnson

·      at M,I.T. expects to have the preparation difficulties overcome short=

ly and he should be able to prepare Ce233 on a large scalo with little

oxide or carbon Dontairination which V:ill allow preparation of purer COS (

Tests of ThS as a reduction container will also be run shortly.
The  Th02  linpurity  in the present ThS crucibles  may  cause some trouble e
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