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REACT1 ORS OF CERI 'f.!M AhrD. LA b?7l;lA PXX idITil CERA!aC OXIDES 1 

. . 1 ) f  : . + 

George El. Pu1lia.m. an[' Elmer S. F i . t z s imons  

In t h i s  stuciy t h e  s u r f a c e  p r o p e r t i c o  01 c e ~ i u n .  and lanthanim x e t a l s  
x c r e  determined f o r  t h e  ~ne-tnls  n e l t e d  on r e f r a c t o r y  o:ticie plaques of nlurnina, 
Sc ly l : I i a ,  ..l;l:ori~., and sta.lxi:lixcd . z j . r c ~ n i a ,  The r e a c t i o n s  oscurrFng a t  
t h e  i n t e r f a c e  be!,~.:cen t 1 . i ~  ~ ; ~ e t . a l s  anci t h e  r e f r a c t o r i e s  were a l s o  de',cmined 
by ; .~~ietnl lo~rapl .~j .c .  and x-ray tecklniqizes: The ' s u r f a c e  tcns ion ,  con tac t  angle ,  
~ i l d  work oC adhesion wcre determined a t  +:,emperntures of  e10, 300, anc? 1 0 0 0 ~ ~  
Tor cerium, and 2% .I;e~lgcra!,u.rcs of' 950, 1000, ,1100 and. . l ; l l l ~ O ~ ;  f o r  In.ni;)ianii~. 
n i h e  r i ie ta l lo~raphi r :  exz i rd~l ,~ . ! ; io~  o jYt .he  react i -ons :m.s cont?uctecl on po l i shed  
C C C ~ ~ ~ . ? ; : I S  of t l ~ e  i.rl.!:4cr.ft?.~e~, The ..teni~cra.turc:s t,o ~:l'.ij.ch t h e  specirriens were b 2 

sv.b j e c t e d  f o r  t h - i s  ?1!ase of !,he. s tudy  were l l C , O ° C  f o r  cerium a.nd 1 2 0 0 ~ ~  f o r  
lantiianum. To a i d  i r ?  khc r:,i:croscopi.c examina-tion of t h e  r e n c t l o n s  between 
cerium and t h e  oxides ,  mixtures  of rcetal and ce ran~ ic  powders were. heated t o  
te;.:!per<3.t.ui-es o f  500 :~nd 80b0c - f o r  ceri-urn; Lant,Ilaniim 2nd oxicle ~ o w d e r s  

' were g iven  a, sirnil-er t rer5ment  t o  - t e : n p e r a t ~ ~ e s  of 600 and 924'~. X-rzy 
d i f f r a c t i o i l  .i',at"sel-i;s of t h e  mixtures  were tJien obta ined  f o r  t h e  iden- t , i f icn t ion  
of t h e  phases pi.oduced from the  r e a c t i o n s .  

. . .  . . 

The s u r f a c e  p r o p e r t i e s  of +,he rnetals rrlelted o n , t h e  ceramic oxides  were 
e s t a b l i s h e d  by  t h e  s e s s i l e  drop method of  determining s?irfa.ce t ens ion .  The 
charac- te r i  s t i c  dimen s5ons of t h e  drop were 'obta.ined f'rorr, pkiotogra.~hs of  
t h e  p o f i l e  of t h e  d r ~ p .  The eqi.d.lihr? urn beta.jeen t,he 1.; ;io~wn I o r ce  of gsa.vit;y 
a c t i n g  on t h e  drop  a n d  t h e  un!:no+~n s u r f  ace  tension could be  de teri;~inec! f ror:! 
t i le  shape assu.ii;ed by t h e  drop.- Tbe dimensi.ons obtairied :Crorn tl-ic r ~ r o f i l e  were 
used a l s o  t o  d e t e m i r i e  t h e  contnct  ansl-c. d i sp l ayed  between t h e  surj.'ace of' t h e  
drop  and t h e  qe ran ic  supi>or+,inz p l a rpe .  The t:ork requircrl  t o  rcsiove t h e  
n e t n l  from -tlie cerarLc  w a s  theil d.eteerr:iined Tram t h e  con tac t  m g l e  and sul-rface 
Censi.on f r a n  , a  considern';ion of tl.?e s ~ r f  ace  f o ~ c e s  o;>ern.-Live 2-1; -2le p o i n t  of 
c o c t a c t  'be t~reen  l j -quid a.nd sol ic i  plaque,  

The su r f ace  +;ension' de-terldncd by t h e  s e s s i l e  drop nethccl Is  of reasonaSle 
accura.cy o n l i  vhan t h e  ang le  of c o n t a c t  of t h e  s u r f a c e  o f  t h e  tlror, w i t h  t h e  
suppor t in3  !:lane, i s  g r e a t e r  thar, 90'. h 'o r  tlils reason  t he  surface te:islo:~ 
of lanthanum T.JFI.S cle+,ern':i.ned frorn t h e  r u n  on zi.rconia. At a Cuc;:i;?erature of ' 

I 9500C t h e  surf ace  .L ens ion  of  1antila.kum was determined t o  be 710 dync/cn $ s. 

Thi s  rep0i.t i s  based on a Ph.D. . t h e s i s  by George R. Pu l l i a l l~  sbb f i t l ed  July,  
1955 a t  Iowa S t a t e .  College, he's, Ioya. . This  work was performed under 
c o n t r a c t  w i th  .the Atomic Energy Comfi~ission, 



The su.rface t e n s i o n  of l a n t h a n w  19~ent through va lues  of 693, 61~8, ,and 530 
dPe/cm a s  t h e  teniper5ture of measurement became 1000, 1100, 1 2 0 0 ~ ~ .  The 
s u r f a c e  t e n s i o n  of  cerium was determined from runs  of  t h e  m e h l  melted on 

. bey1lli .a and z i r con ia .  A t  t e n p e r a t u r e s  of 810, 900, and 1 0 0 0 ~ ~  t h c  s u r f a c e  
.t,cnsion of  cerium was detcrminet.l on zirconin.  t o  5e 695, 630, ziici 6% d;:nc/c~a,. 
1-cspec.tj.vely. A t  t h e  same temperatures  %he s u r f a c s  t ens ion  of cerium was 
determined on b e r y l l i a  t o  be 740, 697, and 678 dyne/c~n, res;:ect,ively, 

v 

The con tac t : ang le s  of bo th  meta ls  was a t  t h e i r  h i g h e s t  va lues  when melted , : 

on z i r c o n i a .  The c o n t a c t  ang le  of .la:it,hanum on t h e  oxides .t!len decreased  
i n  t h e  o rde r ;  alumina, b e r y l l i a ,  and t h o r i a .  Cerium rrietal showed n  very  
high c o n t a c t  angle  wi th  b e r y l l i a  a l s o ,  b u t  t h e  con~ tac t  ang le  of cerium on 
t l l o r i a  was assuned t o  b e  zero s i n c e  t h e  nietal  corn;~lete!.y diseol?-ed. i n  ,+,he 
pl-nque. The r a p i d  a t t a c k  of a i u r i n n  by cerium prevented rr;ensil17el:~ent of t h e  

, 

c o a t a c t  angle .  . 
The work of adhesion o f  t h e  meta ls  t o  t h e  oxides varied. consi-derably 

b e t ~ ~ ~ e e n  t h e  metals  and wi th  t h e  oxide  s.t!.tdied. With both ~ile.tals t h e  \.7ork 
of adhesion w 2 s  a t  a rinixum f o r  t h e  raelts on xi.rconj.n, The work of . 

adhcsion o f  t h e  inetals t o  t h o r i a  was by f a r  t l i c  higl iest  of 8.11 t h e  oxides  
s t~lci ied.  

The rh~orl: of ad l e s ion  of 1ani;nanurn t o  $Lunrina a!?d hcr : / l l iz  was j.ntermediate 
bet~%reen t h e  adhesion t o  z i r c o n i a  and t h o r i a .  , The aclhesion o f  cer i t in  t o  
b(?ryl!.ia, tllough n o t  a s  low a s  t h e  adhesion td z i r con ia ,  was lobrcr t han  t h e  
aci!:esion of  I,mtlnar.um t o  any of  t h e  oxides.  ' .  . . 

* 
I n  eenkra i  .q& i n t e r f a c i a l  r e a c t i o n s  occu r r ing  betwecn t h e  meta ls  and t h e  

ox3.d.e~ r e s u l t e d  i n  s imple r educ t ion  of t h e  oxric.les, Alumina was reduced by 
ti le meta ls  t o  form t h e  o,uides of t h e  molten me ta .1~  and a l l o y s  of ,?lun?irtum 
and t h e  metals .  B e r y l l i a  was redu.ced i n  a s in : i la r  fnsi:S.cn. I i o ~ ~ ~ e v e r ,  
a l l o y i n g  of  %he meta ls  w i t h  b e r y l l i ~ m i  did not.  occur.  The metals  .rc:acted wi th  
z i r c o n i a  t o  produce bo th  an  interfa.ci , . l l  laye,r  of t ,helmetnl  oxide and 'a 
l i m i t e d  s o l i d  s o l u t i o n  of metal  and z i r c o n i a ,  30th metals  procluced s o l i d  
s o l u t i o n s  wi t,h t h o r i a ,  

The v a l u e s  determined f o r  t h e  s u r f a c e  t e n s i o n s  o f  cerium and lanthanum 
revea led  t h e  s i m i l a r i t y  t h a t  was. t o  he  expected from t h e  s ' in! i lar i ty  of  t h e  
o t h e r  p r o p e r t i e s  of t h e  metals .  The va lue  of surfa .ce ?,ension decreased  

. . l i n e a r l y  wi th  inc reas ing  temperature i n  n e a r l y  t h e  same manner f o r  bo th  metals ,  
Genera l ly  t h e  work . o f  adhesion of t h e  rnet,als t o  t h e  oxj.$es incre'?sed a s  t h e  
te i r~pera ture  increased .  A s  a  r e s u l t  of t h i s  t h e  con tac t "ang le s  decreased  wi th  
i n c r e a s i n g  temperatures ,  

* 
O f  t h e  m a t e r i a l s  s tud ied ,  b e r y l l i a  was found t o  be  t h e  b e s t  r c f r a c t a r g  f o r  

conta in ing  t h e  molten metals .  The r e a c t i o n ?  h e-Lween t h e  meta ls  and b e r y l l i a  
were l e s s  ex t ens ive  than  t h e  o t h e r  r e f r z c t o r i e s ,  and t h e  rnetal d i d  not  d i f f u s e  
i n t o  t h e  S e r y l l i a  2laques.  Z i rconia  was found t o  l)e a  p o s s i b l e  con ta ine r  f o r  
t h e  molten meta ls ,  though t h e  n e t a l  d i d  p e n e t r a t e  t h e  r e f r a c t o r y  by  d i f f u s i o n ,  
Thor ia  ,and. alurrLina were follnd t n  ?,e poor c o n t t i n c r  r .~ntk , r ia ls  f o r  t h e  metals ,  



George R. Pulliam and Elmer S. Fitzsimrnons 

PNTRODUCTION 

The various methods of producing r a r e  ear th  metals have been reviewed 
by Spedding, -- e t  a 1  (I), Ahmann (2), ~ a a n e  (3), and Eastman, -- e t  al (4). 
Their  summaries a t t r i b u t e  t he  f i r s t  production of a r a r e  ea r th  metal t o  
Mosander i n  1826. He.:su&eeded i n  obtaining a pyrophoric powder of cerium 
from the  reduction 'of cerous chloride by potassium, There followed many 
ingenious schemes f o r  producing the  massive metal by reduction with a l k a l i  , 

metals. However, i n  all t h e  methods involving a l k a l i  metals a c e r t a in  amount 
of a l k a l i  c h l o r i d ~  was mixed.with t he  r a r e  ea r th  metal and could not be - 

" 

,removed. I n  l a t e r  methods of producing t he  r a r e  ea r th  metals, e l ec t ro ly s i s  
of fused chlorides was used. This method had t h e  advantage of producing t h e  
massive metal i n  f a i r  quan t i t i es ,  but  the  metals contained impuri t ies  from 
the  electrode material .  Some work was a l s b  attempted t o  produce t h e  metals 
from t h e i r  oxides by reduction with. a l ka l i '  and z lka l i ne  metals. Due t o  
t h e  re f rac tory  n a ' t k e  of the  oxides, however, very l imi ted success w a s  . . 

rea l ized  with 'this method. 
. . .. 

Both cerium and lanthanum metals, . h a ~ e ~ . b e e n ~ ~ ~ o d u c e d  i n  t h i s  laboratory,  
following t h e  methods of Ahmann (2) .  and Daane (3) .-* This mekhod u t i l i z e d  
t he  reductive powers of t h e  a lka l ine  metals magne~'k?q. and calcium. 
Iodine was added a s  a booster material  t o  provide 'a''S5de react ion t o  give 
addi t ional  heat  t o  t he  react ion which allowed a better''ag1omeration of t h e  
massive metals. The resu l t ing  metals produced were alloped'with calcium 
o r  magnesium. The f i n a l  purif icat ' ion,  then, involved a yacuum d i s t i l l a t i o n  
t o  remove t h e  contaminating metals, The pu r i t y  of the  met,aLs.produced by 
t h i s  technique i s  superior t o  t h e  previous methods. The'. .. u's$ql, . _ p u r i t y  of 
t he  metals was g rea te r  than 99.5%. , ,  . 

, ' ; :$#: 
. . , L . ,  

~ - $  .k d.1 
This research proJect  conducted on the  two r a r e  earths;',ceriwn and 

lanthanum,is i n  l i n e  w i th ' t he  overa l l  program a t  t he  4mes Laboratory t o  
determine t h e  physical proper t ies  of t he  r a r e  earths.  The surface tension 
of t h e  metals were determined over a 300°c.' temperature range. Also of 
pa r t i cu l a r  i n t e r e s t  i n  t h i s  study was the  wetting cha rac t e r i s t i c s  of 
t he  metals p i t h  respect  t o  t h e  re f rac tory  oxides,; A1203, BeO, Tho2, and 
stabilized.ZrO*. In conjunction wi th . these  determinations metallographic'  
and x-ray analyses of t h e  reac t ion ,of  metal and ceramic were performed. 

The most obvious reason f o r  condicting t h i s  research from a ceramic point  
of view was t o  determine the  l ikel ihood of using these  materials  i n  containing 
t h e  molten metals. The most important reason ' fo r  t h e  research, however, was 



t o  e s t a b l i s h  t h e  - su r f ace  t e n s i o n  and wet t ing  c h a r a c t e r i s t i c s  of t h e  meta ls  
on t h e  ceramic. The s u r f a c e  t ens ions  of  these.meta. ls  i s  of pa r t j - cu l a r  
importance t o  t h e  t h e o r e t i c a l  me ta l l -u rg i s t  a s  a d d i t i o n a l  d a t a  with which t o  
work i n  k s t a b l i s h i n g  an o v e r a l l  t h e o r y  of metals .  The s u r f a c e  t e n s i o n s  of 
me ta l s  i s  considered t o  be a  s i g n i f i c a n t  c h a r a c t e r i s t i c  f o r  s tudy  i n  e l i c i t i n g  
t h e  g e n e r a l  behavior  o f  metals . . .  The s i m i l a r i t y  of t h e  r a r e  e a r t h  meta is  i s  
p a r t i c u l a r l y  impor tan t  i n  t h i s  r e s p e c t ,  

The we t t i ng  c h a r a c t e r i s t i c s  of t h e  meta ls  on r e f r a c t o r i e s  a r e  of  more 
importance t o  t h e  ceramis t .  The most f avo rab le  cond i t i on  f o r  go.od bonding 
e x i s t s  when t h e  meta l  has  a  con tac t  a n g l e - o f  zero wi th  t h e  r e f r a c t o r y  and 
complete wetting; 'occurs .  Informat ion  concerninL:  t h e  v e t t i n g  c h a r a c t e r i s  t i c s  
o f  me ta l s  on ceramics is ,  therefore, '  of i n t e r e s t  t o  s e v e r a l  f i e l d s  of ceramics; 
such  a s  cermets,  meta l  bonded ab ras ives ,  and rr~etal-cerandc s e a l s .  

The s i m i l a r i t y  o$ t h e  r a r e  ea r th s .  makes them of p a r t i c u l a r  va lue  i n  
e s t a b l i s h i n g  gene ra l  reiat , ionshi.ps f o r  . t h e  c h a r a c t e r i s t i c s  o f  metals .  The 
me l t ing  p o i n t  o f  cerium and lanthanum i s  a ~ n r o x i m a t ~ e l y  75% apa r t ;  t h e i r  
a tomic d iameters  a r e  approximately 0.002 8 d i f f e r e n t ,  and, o f  course,  t h e i r  
chemical p r o p e r t i e s  a r e  qkts s i m i l a r .  Thus, i f  t h e  su r f ace  t e n s i o n  of metals  
v a r i e s  s i g n i f i c a n t l y  wit1h a  p a r t i c u l a r  p rope r ty  t h i s  v a r i a t i o n  may b e  determined 
more p r e c i s e l y  w i t h  t h e s e  metals  s i n c e  any p a r t i c u l a r  p r o p e r t y  w i l l  b e  n e a r l y  
t h e  same wi th  a l l  r a r e  ea r th s .  

I 

The r e f r a c t o r i e s  were chosen f o r  t h i s  work because o f  t h e i r  gene ra l  i n t e r e s t  -.. 
as h igh  temperature r e f r a c t o r i e s ,  and because t h e  r e a c t i v i t y  of  t h e  meta ls  t o  
b e  s t u d i e d  suggested t h a t  v e r y  s t a b l e  m a t e r i a l s  must be  used. b 

Thi s  s tudy  of t h e  i n t e r a c t i o n  of ceramic and metal was d iv ided  i n t o  . . 
t h r e e  s e p a r a t e  techniques.  

1. The s t u d y  'of t h e  w e t t i n g  e f f e c t s  of  t h e  meta ls  on t h e  r e f r a c t o r i e s  
was conducted. i n  vacuo "us ing  t h e  s e s s i l e  drop met,hod., I n  t,hi.s -.___ 
phase o f  t h e  work t h e  s u r f a c e  t ens ion ,  c o n t a c t  angle ,  'and t h e  work of 
adhes ion  were determined fo r . ce r iu rn  and lanthanum meta ls  melted on 
t h e  refrnc Lori es; A1203,. Be0, Tho2, and s t a b i l i z e d  Zr02. ,The 
tempera tures  used f o r  c e r i u v  were 810, 900, and 1000°C. The temper- 
a t u r e s  used f o r  l a n t h m m  were 950? 1000, 1100, and 1200°c. The 
lower temperature ' l i m i t  i n  t h e s e  i n v e s t i g a t i o n s  was s e t  a t  appr.oximately 
20° above t h e  me l t i ng  p o i n t  of t h e  metals .  The upper tempera ture  
1,imit of 1 0 0 0 ~  f o r  - t he  ceriu.m s tudy  was s e t  by t h e  occurrence of 
r e a c t i o n s  be t~~seen  metal and ceramic s u f f i c i e n t  t o  d e s t r o y  t h e  accuracy 
of  t h e  measurements. The s t u d y  of t h e  v e t t i n g  c h a r a c t e r i s t i c s  
o f  lanthanum on t h e  r e f r a c t o r i e s  was terminated a t  1 2 0 0 ~ ~  because 
a t  a  h i g h e r  temperature t h e  vapor, p re s su re  of t h e  meta l  becomes 
s u f f i c i e n t l y  high t o  a f f e c t  t h e  accuracy .of t h e  measurements, 



2, The second s tudy of the  i n t e r a c t i o n s  was a  metal lographic examination 
of t h e  metal and ceramic a f t e r  the  h e a t  t reatment  given i n  t h e  su r face  
t ens ion  determinat ion.  A pet rographic  microscope u t i l i z i n g  r e f l e c t e d  
l i g h t  was used t o  determine t h e  e x t e n t  of pene t ra t ion  o f . t h e  metal  
i n t o  t h e  ceramic and t o  s tudy t h e  method of penet ra t ion .  

3. The t h i r d  method of s tudying t h e  i n t e r a c t i o n  was by x-ray d i f f r a c t i o n  
pa t t e rns .  Powders of t h e  metals  were mixed wi th  powders of each 
r e f r a c t o r y  oxide, and heated t o  300'~ below the i r ,  melt ing po in t  and 
t o  t h e i r  melt ing poin t ,  The products  of r e a c t i o n  from this t reatment  
were t h e n  determined from t h e  x-ray analys is .  An a t tempt  was made 
from t h i s  method t o  determine t h e  range of temperature o f ' r e a c t i o n  
of cerium and lanthanum metals  wi th  t h e  f o u r  oxides. This  a n a l y s i s  
was a l s o  used a s  an a i d  i n  e s t a b l i s h i n g  t h e  method of p e n e t r a t i o n  
of t h e  metals  i n t o  t h e  ceramics. 

LITERATURE REVIEW 

Bashforth and Adams (5)  i n  1883 were t h e  f i r s t  t q  mak.e poss ib le  a ' '  ', 

p r e c i s e  measurement of t h e  su r face  t e n s i o n  of  a  l i q u i d  using t h e  s e s s i l e  
drop method. The two p r i n c i p a l  r a d i i  of curvature  of a  l i q u i d  su r face  
under t h e  in f luence  of  su r face  t ens ion  and g r a v i t y  a r e  given by t h e  
expression, 

, . . . .. . 

Where Cis  , t h e  s u r f a c e  t ens ion  of  t h e  l i q u i d ,  R and R2 a r e  t h e  p r i n c i p a l  
r a d i i  of curvature  of a  poin t ,  g  i s  t h e  g r a v i t a .  % i o n a l  constant ,  f1 and P2 
a r e  the  d e n s i t i e s  of . t he  ' l i qu id  and surrounding media, respect ively,  
z i s  t h e  he ight  of t h e  p o i n t  through which t h e  h y d r o s t a t i c  head of t h e  d e n s i t y  
d i f f e r e n c e  a c t s ,  and C i s  a cons tant ,  Unfortunately t h e  most r e a d i l y  measured 
r a d i i  of curvature  occur a t  a  p o i n t  w h e r e : n , i s  :gero. This p r o h i b i t s  t h e  
s o l u t i o n  of t h e  equation f o r  su r face  tens ion .  Bashforth and Adams made a 
t ransformat ion  of this equatiqn f o r  t h e  s p e c i a l  case  of a  s u r f a c e  of 
r evo lu t ion  abbut a  v e r t i c a l  %is. They t abu la t ed  parameters of t h e  equation 
t h a t  could be  measured d i r e c t l y  from t h e  p r o f i l e  o f  a  s e s s i l e  drop. The 
parameters could then  be used t o  eva lua te  t h e  cons tant ,  C, and t h e  su r face  

i t ens lon  of t h c  l i q u i d ,  
, 

This method of  Bashforth and,Adams i s  p r e c i s e  i n  t h e  range f o r  which they  
have determined values.  Quincke (6)  i n  1868, however, made. use  of t h e  s u r f a c e  
equat ion  t o  determine t h e  su r face  t e n s i o n  of l i q u i d s .  H i s  method was an 
approximation whicK assumed t h a t  one r ad ius  of curvature  could b e  neglec ted  
i n  t h e  equation,  S ince  t h e  r ec ip roca l s  of t h e  r a d i i  of  curvature  a r e  added 



i n  t h e  equat ion  t h i s  approximation may be used if' t h e  drops  a r e  l a r g e .  The - 
s i z e  o f  t h e  drop t h a t  pe rmi t s  neg lec t ing  t h e  one r a d i u s  depends on t h e  s u r f a c e  
t e n s i o n  of  t h e  l i q u i d s ,  however, so  t h a t  no d e f i n i t e  s i z e  of drop can be  
s p e c i f i e d .  P o r t e r  (7 )  d i scussed  many approximation formulae, and gave a 
c r i t e r i o n  f o r  de te rmining  t h e  most a c c u r a t e  s i z e  of  drop. I n  t h i s  d i scuss ion ,  
P o r t e r  concedes t h a t  a drop  i n  t h e  range where Bashforth and Adams t a b l e s  
may be  used i s  t h e  b e t t e r  s i z e ,  b u t  t h a t  t h e r e  a r e  s i t u a t i o n s  where t h i s  i s  
e i t h e r  imposs ib le  o r  imprac t i ca l .  

Dorsey (8) de r ived  a mod i f i ca t ion  of ' h s h f o r t h  a.nd Adams method of 
detoermining s u r f a c e  t ens ion .  I n  t h i s  method t h e  va lues  prepared by 
Bashfor th  and Adams were used i:.h'. p repar ing  an equat ion us ing  d i f f e r e n t  char- 
as te r i s t j . r :  dimensions of  t h e  drop. Dorsey f e l t  t h e s e  dimensions could be 
measured w i t h  g r e a t e r  accuracy .  Ferguson (9  , l o )  a l s o ,  gave va r ious  metliods 
of surmounting t h e  d i f f i c u l t y  of measuring t h e  p r i n c i p a l  r a d i i  of c j . rvatue 
of  bubbles  and drops ,  

E l l e f s o n  and Taylor  (11,121 were one of t h e  f i rs t  t o  u s e  t h e  t a b l e s  of 
Bashfnrt,h and #darns i n  t h e  ceramic f i e l d ,  They made u s e  of i t s  unique 
a b i l i t y  t o  determine t h e  c o n t a c t  a n g l e  of  l i q u i d  and s o l i d  s u r f a c e  a s  w e l l  
as t h e  s u r f a c e  t e n s i o n  of t h e  l i q u i d ,  The su r f ace  t ens ions  of Sused salts 
and g l a s s e s  were determined on g raph i t e ,  gold,  and plat inum, They c r e d i t  
t h e  s e s s i l e  drop method o f  determining su r f ace  t e n s i o n  as being a c c u r a t e  
w i t h i n  5%. 

Humenik and Kingery (13) used. t h e  method o u t l i n e d  by E l l e f s o n  and 
Taylor  i n  determining t h e  s u r f a c e  t e n s i o n  o f  s i l i c o n ,  i r o n ,  and n i cke l .  
on s e v e r a l  r e f r a c t o r y  oxides ,  They ' s t a t e  t h a t  t h e  plaque m a t e r i a l  upon 
which t h e  meta ls  were melted a f f e c t e d  t h e  va lues  obta ined  f o r  . the s u r f a c e  
t e n s i o n s  o f  t h e  metals .  F a c t o r s  which i n f l u e n c e  t h e  c o n t a c t  angle  between 
l i q u i d  metal  and plaque m a t e r i a l  were a l s o  d iscussed .  The atmosphere 
p r e s e n t  was found t o  a f f e c t  bo th  t h e  va lue  of s u r f a c e  . t ens ion  and con tac t  
angle ,  The va lues  f o r  s u r f a c e  t e n s l o n  weFe cu~isiclerably higliel- in vacuo f o r  -- 
t h e  meta l  n i cke l .  This  i s  t o  b e  expected i n  t h e  case  o f  meta ls  w i t h  r e l a t i v e l y  
h igh  vapor  pressures .  With a l i q u i d  i n  equ i l i b r ium k i t h  i t s  vapor a ceratain 
p o r t i o n  of t he  a t t r a c t i v e  bonds a t  t h e  s u r f a c e  wi l1"be  d i r e c t e d  t o  t h e  
vapor  w i t h  t h e  r e s u l t  t h a t  t h e  s u r f a c e  t e n s i o n  i s  lowered. I'n a vacuum t h i s  
e f f e c t  i s  removed and a h i g h e r  s u r f a c e  t e n s i o ~ l  r e s u l  Ls. 

~ e v e i a l  o t h e r  methods of measuring t h e  s u r f a c e  t e n s i o n s  of  l i q u i d  metals  
have been used, Taylor (14) ,arid Adam (15) gnvc a review of t h e s e  vari.011~ 

I methods, and summariz6d t h e  f a c t o r s  a f f e c t i n g  t h e  accuracy of  t h e  d i f f e r e n t  
methods. The o t h e r  methods, however, do no t  g i v e  informationrco~lcerlling t h e  
c o n t a c t  ang le  of  t h e  l i q u i d  i n  equ i l i b r ium w i t h  a s o l i d ,  A s  a ma t t e r  of 
f a c t ,  i n  o rde r  t o  u se  t h e  c a p i l l a r y  h e i g h t  method and t h e  r i n g  detachment 
method t h e  c o n t a c t  angle  must b e  known, 



Surface  Tension Equat ion 

The s t a t i c  methods o f  de t s rn i rL ing  t h e  s u r f a c e  t e n s i o n  of  l i q u i d s  a r e  
a l l  based on equat ing  "Uhe work dgne 1.n extending a su r f ace  m d e r  pressure 
t o  t h e  work absorbed by t h e  s u ~ f a e e  under t h e  r e s i s t a n c e  o f f z r a d  by ' t h e  

I s u r f a c e  t e n s i o n  t o  t h e  formation o f  a n'ew amount o f  s u r f a c e ,  

F ig ,  1 Gamed S u ~ f a c e .  

Ih . the d r a ~ v i ~ g  abcvs i;he cu?ved s u r f a c e  ABCD i s  r ep resen ted  a s  h iv ing  
two pr inc ipa l .  rad.i.i. o f  cu rva t a re  Ri and R2" The ang le s  subtended by AR and 
BC a re ,  respectivel;j.,  8: an.5 ij2. Ir. extgnding t h e  s u r f  ace i n  a p a r a l l e l  
manner through t h e  d i s t a n c e  dn, t he  new a rea  becomes (AB .t Q;dri) (EC + ~ ~ c l n ) .  
The angles  Q- and Q2 mr_y be r ep laced  bjr RB/R, and ~ c / R ? .  Malting t h i s  sub.- 
s t i t u t i o n  an& comp!.etinp t h e  m l t i p l i c a t i o n  show t h a t  t he  a r e a  h2s baen 
inc reased  by ABCD (dn)(-( + \ . The wcrk dons a g a i n s t  su r f ace  t ens ion  i n  - 

Rl x2 J , 
J 

\ prod l~c ing  t h i s  a d d i t i o n a l  ~7;pf 4,ce i s ,  simply, the'  r s i i s t i v e  forde  of su r f ace  
t e n s i o n  per -m.i.t. a r e a ,  0-, m L ~ l t i p l i e c .  by t h e  amount o f  new su r facz .  The ex- 
p r e s s i o n  f o r  t he  d i f f e r e n t i e l  2moun.t o f  work, dw, ' i s  thus: 

7 
L O  dviva := (6) (ABcD) (dn) 

It I s  now necessa ry  i;o dstermirie t h e  wopk r e q u i r e d  t o  dxtend t h e  su- face 
p a r a l l e l  t o  i t s  oi-ig5.nal p o s i t i o n .  If p i s  ccnsiriered t o  b e  .the presswe on 
t h e  cnncnve s i d e  of  t h e  suzface ,  mi? p i s  consj.dered t o  b e  the p re s su re  on 2 -k?x cor?vex side or t h e  s u ~ f a c e ,  tiie p r e s s u r e  d i f f e r e n c e  ac ros s  t h e  surface i s  
(pl. - pp).  This p r e s s u r e  d i f f e r ence  a c t s  over an a r e a  o f  ABCD ar.d through a 
d i s t a n c e  of dn, The d iTfe ren t i a1  work done i n  t h i s  instance i s  given by 

2 , dlv = (pi -- p?) (ABcD) (dn) , 



I n f l u e n c e  of Grav i ty  and Sur face  Tension 

Tz ,?;::;ly t h e  above equat ion  t o  t h e  s e s s i l e  drop, cons ider  a p o i n t  P on 
t h e  s u r f a c e  of t h e  drop  a s  shown i n  'Kg.  2  below, A t  t h i s  p i n t  t h e  
p r e s s u r e  on t h e  concave and convex s i d e s  of t h e  s u r f a c e  w i l l  be  ai~cmented by 
t h e  l iydros . l ;~ t ic  p r e s s u r e  exe r t ed  by t h e  mass o,f t h e  f l u i d  on e i t h e r  s i d e  of 
t h e  su r f ace .  With t h e  apex o f  t h e  drop s e l e c t e d  a s  t h e  r e f e r e n c e  p o i n t  t h e  I 

F i g ,  2 S e s s i l e  drop  

h y d r o s t a t i c  heads of t h e  drop 'and surrounding flulid w i l l  b e  o p e r a t i v e  over  
t h e  h e i g h t  z; t h e  d i s t a n c e  from t h e  apex t o  t h e  p o i n t  P The p re s su re  
d i f f e r e n c e  a c r o s s  t h e  s u r f a c e  i s  t h e n  (q - p 2 )  + ga (15 snd  y2). Whcre; 

and y2 a r e  t h e  d e n s i t i e s  of t h e  drop and t h e  surruunding f l u i d ,  r e spcc t ivck r ,  
and g i s  t h e  g r a v i t a t i o n a l  cons tan t .  The te rm (pl - p2) may be  considered a 

. cons t an t  i n  any sy-stem so  t h a t  t h e  abovc cqua'tio'n my be uri.t,tsen: 

Th i s ,  . . i s  t h e  gene ra l  equat ion  of ' t h e  s u r f a c e  of a l i q u i d  under t h e  i n f l u e n c e  
o f  g r a v i t y  and s u r f a c e  tensj-on. Unfort,uria.tely t h e  measurement of bo th  
r a d i i  o f  cu rva tu re  a t  a  p a r t i c u l a r  p o i n t  i s  v i r t u a l l y  imposs i l~ l e .  Wlien 
q u a n t i t i e s  t h a t  can be  measured. a r e  p laced  i n  t h e  equat ion  approximations of 
t h e  d e s i r e d  accuracy must b e  made. 



Bashforth and Adams s o l u t i o n  

The Bashforth and Adams approach t o  t h e  s o l u t i o n  of t h e  above equat ion  
may be  v i s u a l i z e d  by making use of  Fig. 2, The f i g u r e  i s  assumed t o  b e  a .  
p r o f i l e  of a s u r f a c e  of r e v o l u t i o n  about  t h e  v e r t i c a l  a x i s ,  The r a d i u s  of 
cu rva tu re  i n  t h e  p l a n e  of t h e  paper  a t  p o i n t  P may be  c a l l e d  p. The o t h e r  
p r i n c i p a l  r a d i u s  of cu rva tu re  a t  t h i s  ' p o i n t  i s  PC o r  x /s in  0 s i n c e  a normal 
t o  t h e  s u r f a c e  i n t e r s e c t s  the  a x i s  of r e v o l u t i o n  a t  C. These r a d i i  may be  
s u b s t i t u t e d  f o r  R1 and R2 i n  t h e  preceding  equat ion,  The v a l u e  of t h e  
cons t an t ,  C,  may b e  determined b y  cons ider ing  P as a p o i n t  a t  t h e  apex of  t h e  
drop. A t  t h i s  p o i n t ,  z i s  zero, and a l l  r a d i i  o f  cu rva tu re  a r e  equal ,  If 
t h i s  r a d i u s  of cu rva tu re  i s  ' ca l led  b, t hen  C i s  equa l  t o  2 ~ / b .  S u b s t i t u t i o n  
of t h e s e  q u a n t i t i e s  g ives  

Bashforth and Adams s i m p l i f i e d  this r e l a t i o n s h i p  by in t roduc ing  t h e  t e r m p  
t h a t  was de f ined  a s  equal  t o  g( Pl - P 2 ) b 2 / f a  The q u a n t i t y g i s ,  i n  a 
c e r t a i n  way, a measure of  t h e  shape of  t h e  dro?. LOW v a l u e s  of ,& i n d i c a t e  
a c l o s e  a ~ p r o ~ x i m a t i o n  t o  a sphere,  w h i l e  h igh  v a l u e s  of B i n d i c a t A  .a 
flak-kening of  t h e ' d r o p .  The f i n a l  r e l a t i o n s h i p  used by Bashforth and Adams 
i s  obta ined  by making t h i s  s u b s t i t u t i o n ,  e l imina t ing  t h e  r t e r m s ,  and 
multipl.ying . through by b. The f i n a l  fo rm.o f  t h e  equat ion  i s  thus:  

Bashforth and Adams so lved  t h i s  equat ion  i n  terms of  x/b, z/b, and 
& f o r  va r ious  v a l u e s  of 8 .  The va lue  .of x/z w a s  a l s o  t a b u l a t e d  ve r sus  ,8 
f o r  an angle of  90°, Thus t h e  v a l u e s  of x and z a r e  ob ta ined  a s  coo rd ina t e s  
of t h e  p o i n t  on t h e  ' s u r f a c e  of  t h e  drop  where t h e  s u r f a c e  i s  p r e c i s e l y  v e r t i c a l .  
This  ' p o i n t  may be  e s t a b l i s h e d  by  drawing a l i n e  pe rpend icu la r  t o  t h e  suppor t ing  
s u r f a c e  s o  t h a t  it i s  tangent  t o  t h e  s u r f a c e  of  t h e  drop,  -The q u a n t i t y  x/z 
may b e  used t o  determine t h e  va lue  of  ,&. With /, x, and z known, x/b and 
z/b are detelln~iled from the  second t a b l e  f o r  t h e  va lue  of &and a n  ang le  
of 90°, S ince  x and z a r e  known t h e  v a l u e s  of x/b and z/b e s t a b l i s h  b. 
The de termina t ion  of b and @ a r e  611 t h a t  a r e  necessary  t o  e v a l u a t e  t h e  
s u r f a c e  t e n s i o n  o f  t h e  l i q u i d  i f  t h e  d e n s i t y  of t h e  l i q u i d  i s  known. The 
s u r f a c e  t e n s i o n  i s  e s t a b l i s h e d  from t h e  r e l a t i o n s h i p  de f in ing  &, 



With t h e  va lues  of B a n d  b de tef rhned  it i s  a  simple ma t t e r  t o  determine 
t h e  a n g l e  of c o n t a c t  between l i q u i d  and s o l i d ?  The q u a n t i t i e s  X and Z a s  
shown i n  -Fig. 2 a r e  measured as t h e  coordina.tes of t h e  p o i n t  of c o n t a c t  of 
t h e  l i q u i d  s u r f a c e  wi th  t h e  s o l i d  su r f ace .  These q u a n t i t i e s  a r e  .d.ibided by  t h e  
p rev ious ly  determined b t o  g ive  x/b d z/b va lues .  The v a l u e s  of ,x/b and 
z/b a r e  examined f o r  t h e  p a r t i c u l a r 2 a n d l v a r i & s  ang le s  u n t i l  an . ang le  is  
found f o r  which , t h e  l i s t e d  va lues  of  x/b and z/b agree w i t h  t h e  c a l c u l a t e d  
va lues .  Th i s  ang le  i s  t h e  c o n t a c t  ang le  between t h e  l i q u i d  s u r f a c e  and 

, s o l i d  su r f ace ,  (if, 

Dens i ty  Determinat ion 

~ i n z e '  t h e  d e n s i t y  of most metals i s  lcnown over only  a  lirrLi,l;ec! I 

t empera ture  range, a mezns of  determining t h i s  v a l u e  ':is necessary  t o  permit  
t h e  s u r f a c e  t e n s i o n  t o  be evaluated.  Bashforth awl Arlams have a l s o  prescntcd  
a n  equa t ion  f o r  t h e  volume of  a  s u r f a c e  01 r e v o l u t i o n  i n  terms of t h e  
parameters  of t h e i r  t a b 1  e s  . 

I n  t h i s  equat ion;  V is t h e  volume of t h e  drop, X and Z a r e  $he coord ina tes  
of t h e  p o i n t  of con tac t  of  t h e  l i q u i d  s u r f a c e  wi th  t h e  s o l i d  su r f ace ,  8 
i s  t h e  c o n t a c t  angle ,  and t h e  o t h e r  va lues  a r e  a s  be fo re ,  

Work of  Adhesion 

The work of  adhesion between a  l i q u i d  i n  c o n t a c t  wi th  a s o l i d  i s  q u i t e  , 
simply t h e  work r equ i r ed  t o  r@move t h e  l i q u i d  from'khe s o l i d .  I'n making t h i s  
s e p a r a t i o n  two new s u r f a c e s  a r e  formed, and energy must be  suppl ied . l ;o  provide  
f o r  t h e  s u r f a c e  e n e r g i e s  assumed by t h e  exposed sur faces .  The.work of  
adhes ion  i s ,  thus ,  equal  t o  t h e  sum of t h e  s u r f a c e  t e n s i o n s  of  t h e  l i q u i d  and 
s o l i d  l e s s  t h e  amount of t h e  s u r f a c e  energy. of  t h e  , i n t e r f a c e  bctwcen t h e  , 

l i q u i d  and s o l i d  t h a t  was p re sen t  b e f o r e  t h e  sepa ra t ion .  The ~upre ' . . equa t ion  
f o r  work of adhesion,  Wm, i s  

8, W m = ' c L A  + r S A  - aSL.  

The s u b s c r i p t s  r e f e r  t o  t h e  l i q u i d - a i r ,  s o l i d - a i r ,  and so l id - l i qu id  i n t e r f a c e s .  

Unfor tuna te ly  t h c  dett1.rrunatio1-1 of t h e  surface t k s i o n  of a s o l i d  is' 
ve ry  d i f f i c u l t  and of l i m i t e d  accuracy. (16) However, t h e  work of adhesion 
of a l i q u i d  t o  a  s o l i d  may be determined b y  m d t i r , ~ ;  u se  of t h e  ang le  of con tac t  
and. t h e  analagy of s u r f a c e  ene rg i e s  a r ~ d  simgle t e n s i o n  fo rces .  I n  t h e  f i g u r e  
below t h e  s u r f a c e  t e n s i o n  of  t h e  s o l i d  i s  opposed by t h e  s u r f a c e  t e n s i o n  
.of t h e  l i q u i d  and t h e  i ~ t e r f a c i a l  t e n s i o r ~  u l  Llle surface between t h c  l i q u i d  
and t h e  s o l i d .  



, 
Fig. 3 Sur face  f o r c e  diagram 

S ince  t h e  system is a t  equi l ibr ium, t h e  fo l lowing  e q u a l i t y  must hold. 
. . 

o-SA. = s e gLA.(cos Q), 
I 

S u b s t i t u t i o n  of t h i s  r e l a t i o n s h i p  i n  t h e   upr re' equat ion .  above g ives  

7. ITm = rLli(l 4 cos  Q). \ 

Vacuum System 
. . 

Because*of  t h e  extreme r e a c t i v i t y  o f  t h e  meta ls  under stud.y a l l  
ope ra t ions  were c a r r i e d  o u t  under a vacuum. The low vapor p re s su res  o f  
cerium and lant,ha.ni.im a s  r epo r t ed  b y  ..hman .(2) and Daane (3). permi t  t h i s  
procedure t o  b e  used, The vacuum system i s  composed of  a 100 mm Q r e x  g l a s s  
t ube ,  The schemat.ic diagram of t h e  fu rnace  system i n  Fie. 4 shows how 
t h e  tub ing  was combined. A t ube  l e a d i n g  t o  a d i f f u s i o n  vacuum pump i s  
connected a t  r i g h t  ang le s  t o  t h e  h o r i z o n t a l  t ube  which k o u s e s . t h e  fu rnace  
assembly. A t  one end of t h e  fu rnace  t u b e  a 103/60 g l a s s  j o i n t  was a t t ached  
t o  permi t  placement o f  t h e  e l e c t r i c a l  and thermocouple l e a d s  a t  t h a t  end of  
t h e  assembly; The o t h e r  end of  t h e  fu rnace  housing tube  was f l anged  and 
ground t o  a p l ane  sur face .  I n  t h i s  way t h e  vacuum system could be  c losed  
by simply p l ac ing  a s h e e t  of o p t i . c a l l y  f l a t  g l a s s  over  t h e  end. The g l a s s  

. . s h e e t  was h e l d  i n  p l a c e  by f r i c t i o n  u n d e r . t h e  f o r c e  of  atmospheric pressure .  
Three 18 mm t u b e s a n d  two 1 0  mm tubes  were connected above t h e  r i g h t  ang le  
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' - .  connection on. the  hor izontal  tube f o r  placement of t h e  vacum gauges, 
e l e c t r i c a l  and thermocouple leads, and an air. i n l e t .  The d e t a i l  of t he  . . . '  

, . 
metal-to-glass vacuum s e a l  f o r  t h e  conrlection of the  e l e c t r i c a l  leads  t o  :' . 

, the  18 mm tubing is shown. below. 

. , 

i 
i 

. . 
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P Y R E X  TtBE 

. . 
Fig, 5 Glass-metal Gacuum s e a l  ' . 
,-. .. - . .... I _ . , . -  

Vacuum was obtained using a ViVIF 2.60 D i s t i l l a t i o n  Products Inc. 
d i f fus ion  pump i n  conjundion with a Welch mechanical vacuum punrp, The 

- u l t ima te  Gated vBcuum of t h e  d i f fus ion  pump was 1Xlow6 mm Hg. with a 
! 
. . ~umping'~speed of '"200 l i t e r s  per second a t  1 ~ 1 0 ~ 3  mm Hgo Pressures were 

. determined .using a National Research Corp, ionization-thermocouple gauge, 

I :; 
The heating element used i n  the  furnace was.0.020 inch molyqdenum 

wire placed leng%hwise t o  the  hot zone, b t o t a l  of 48 four-inch e c t i o n s  
provided s u f f i c i e n t  res i s tance  t o  allow at$ainment of t h e  m a x i m u m  operating 

' I  

temperature on a current  of eight  amperes,. ,As can be .seen i n  'Fig. 6a  t he  
, wire' was supported hor izontal ly  by thr&di.rig it through an alumina insu la to r .  
 h he 1ra:sher. shaped insu la to r  had an outside.  diameter of two inches, and an 
ins ide  diameter of one inch, The thicknes<:.of t he  alumina ,insulator was 
3/16 indh, The insu la to rs  were held apar t  by a molybdenum cy l inde r3ha t  
d s o  acted 'as a - rad ia t ion  shield.  A one inch diameter c&inder o f  0.010 
inch mol.ybdbnum was placed on the  i n s ide  diameter of t h e  'humina i n su l a to r  

1 . t o  serve a s  a support f o r  t h e  specimens, ;. . . 
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The en t i r e  assembly described above was  placed horizontally inside four 
concentric cylinders of 0.003 inch molybdenum which were separated by 3/16 
inch alumina rings. The four  cylinders provided excellent insulation from 
thermal radiation. To decrease fur ther  the  heat l o s s  from radiation, 0.010 
inch disks of zirconium and molybdenum were placed a t  the ends of the  furnace 
hot zone, 

The hot zone of the  furnace w a s  en t i re ly  surrounded by zirconium metal, 
This addition was made a f t e r  it was shown tha t  the most careful control of 
the  furnace pressure did not eliminate completely the formation of an 
oxide f i l m  on the molten metal. It w a s  decided tha t  the  excellent scavenging 
powers of zirconium metal would be more f r u i t f u l l y  u t i l i zed  than an attempt 
t o  improve the vacuum over t h a t  already attainable,  According t o  McPherson 
and Hansen (17) no l iquid  i s  formed between zirconium and molybdenum 
u n t i l  a temperature of approximately l%O°C i s  reached, Since this was well 
above the maximum temperature t o  be realized i n  this study, zirconium 
metal was placed inside the  support cylinder. The zirconium cylinder 
could not be used a s  the specimen support because of i t s  law strength a t  
high temperatures. Zirconium disks were a l so  placed a t  the  ends of the 
furnace, and thus the  specimen t o  be heated was en t i re ly  surrounded by zirconium 
metal. 

The complete assembly of the furnace and vacuum system i s  shown i n  
the  photograph of Fig. 6b. The f igure  shows tha t  the furnace and vacuum 
system were mounted on an angle i ron  tab le  equipped with three screw adjusting 
supports. The adjustable supports permitted easy level ing of the  specimens 
t o  be f i r e d  from the  outside of the  furnace. 

The power t o  the furnace was supplied from a XL0 vo l t  power l i n e  t o  a 
216 Powerstat voltage transformer, The transformer allowed .the voltage 
t o  be  val.ied from zero t o  135 volts,  With this power control arrapgement it 
was possible t o  control the temperature of the furnace t o  within 5% of the 
desired temperature. 

The temperature of the furnace was measured using a platinurn-platinum 
10% rhodium thermocouple placed adjacent t o  the  specimens. The temperature 
measured with the  thermocouple w a s  compared wi$h a previously calibrated opt ica l  
pyrometer and with the melting points of the  metals, It was found necessary 
t o  apply a plus 20°c correction t o  the  temperature obtained from the 
thermocouple. 





Opt i ca l  Fquipment 

The p r o f i l e s  of t h e . s e s s i l e  drops used i n  t h e  de te rmina t ion  of  t h e  
s u r f a c e  t ens ion  were recorded  a t  t h e  g iven  temperaFure wi th  a 35 mm.camera. 
The camera used was b u i l t  t o  g i v e  a f i x e d  image d i s t a n c e  t h a t  r e s u l t e d  i n  a 
magni f ica t ion  of approximately two diameters .  - The l e n s  and f i l m  adap te r  
systems were mounted on an  aluminum c y l i n d e r  of f i v e  inches  i n  d iameter  and 
29 i nches  i n  l eng th .  The l e n s  and s h u t t e r  system 'was a Kodak E k t e r  Lens 
wi th  a f o c a l  l e n g t h  of 203 mm and : a  maximum a p e r t u r e  of f/7.7. The f a s t e s t  
opening of t h e  s h u t t e r  was l/400 second. The f i l m '  adap te r  used was Kodakls 

.35 mm F i l m  Adapter A equipped with a ground g l a s s  focus ing  screen .  

The nega t ives  of t h e  photographs t aken  w i t h  t h e  35 rnrn camera were en larged  
on 4 x 5 inch  shee t  f i l m  t o  approximately t e n  t imes  t h e  o r i g i n a l  d iameter  , 
us ing  a S i m o n  Bros,, Ilnc, en l a rge r .  The l e n s ' o f  t h e  en l a rge r  ha.d 'a  f o c a l  
l e n g t h  of 135 mm and a m a x i m u m  a p e r t u r e  of f/4.5. Measurement of t h e  , 

p r o f i l e s  was taken d i r e c t l y  from t h e  en larged  negat ives  using a Gaer tner  
S c i e n t i f i c  Corp. . t rave l ing  rnicroscope a c c u r a t e  t'o 0.001 mm. 

The examination qf t h e  p e n e t r a t i o n  of t h e  me ta l s  i n t o  t h e  ceramic 
m a t e r i a l s  w a s  accomplished us ing  a L e i t z  pettroeranhi.c microscope w i t h  a back 
r e f l e c t i n g  arrangement. d L e i t z  camera! was adapted t o  t h e  microscope and w a s  

, used t o  o b t a i n  pho%omicrographs of t h e  specimens. 

I n e r t  Atmosphere Equipment 

i A s  a f u r t h e r  p recau t ion  a g a i n s t  t h e  format ion  of an  oxide f i l m  on 
t h e  mctal,  a helium p u r i f i c a t i o n  t r a i n  was b u i l t  t o  permit  f l u sh ing  t h e  
fu rnace  w i t h  hel ium b e f o r e  and a f t e r  t h e  metal s were hea ted  i r l  a run. The ' 

helium w a s  made t o  f low through 1 2  inches  of  g l a s s  wool, t h r e e  t i e r s  of P205, 
a d r y  ice-acetone co ld  t r a p ,  and t e n  inches  of calcium meta l  t u r n i n g s  heated 
t o  7 0 0 ~ ~ .  The p u r i f i e d  helium was a l s o  used w i t h  a d r y  box i n  t h e  p r e p a r a t i o n  
o f  t h e  x-ray specimens. 

'X-ray Eiquipment 

Both North American P h i l l i p s  and General  E l e c t r i c  x-ray machines were 
used i n  t h e  x-ray de t e rmina t ion -o f  t he  r e a c t i o n  products .  In  b o t h . c a s e s  
a copper t a r g e t  was used i n  conjunct ion  wi th  a n i c k e l  f i l t e r . '  ~ o w d e r : ~ . '  
d i f f r a c t i o n  cameras of 57.3 and 114.6 mm d iameters  were' bo th  used i n  t h i s  work. 



F i r i n g  and Po l i sh ing  muipment  

The specimens of  t h e  r e f r a c t o r y  oxides  t o  b e  used i n  t h e  s u r f a c e  t e n s i o n  
measurements were prepared  by p r e s s i n g  t h e  powders j.n a hardened s t e e l  mold - 
w i t h  a hydrau l i c  p r e s s  capable  of  1-oads of 20,000 pounds. A molybdenum vacuum 
r e s i s t a n c e  furnace  of  t h e  t y p e  descr ibed  by McRitchie and 4 u l t  (18) was used 
t o  f i r e  t h e  p re s sed  specimens. 

Buehler,  Ltd. l a p  wheels were used t o  p o l i s h  t h e  s u r f a c e  of t h e  r e f r a c t o r y  
ox ide  specimens. The oxides  were f i r s t  ground f l a t  us ing  240 mesh s i l i c o n  
c a r b i d e  powders, and then  f u r t h e r  ground wi th  400 and 600 rrleslri powders. The 
f i n a l  po l i sh ing  was done 0 n . a  c l o t h  l a p  wheel irnpre~nat,ed with six-micrnn 
diamond p a s t c ,  

PROCEDURE 

S u r f a c e  Tension Determinat ion 

P r e p a r a t i o n  of ceramic specimens 

The r e f r a c t o r y  oxides  used i n  t h e  s u r f a c e  .Lension determrination.were 
chemica l ly  pure m a t e r i a l s  w i th  t h e  except ion  of zirconiun! oxide. The 
a n a l y s i s  of  t h e  i m p u r i t i e s  of  t h e  f o u r  oxides  i s  g iven  i n ' T a b l e  1. The 

/ 
materials  as r e c e i v e d  were approximately tdc microns i n  p a r t i c l e  s i z e .  
Because of t h e  extememely l u s h  f u s i o n  p o i n t  of t h e  m a t e r i a l s ,  however, a  
v e r y  f i n e  p a r t i c l e  s i z e  was necessary  tro produce specimens of  low poros i ty .  
For t h i s  reason t h e  m a t e r i d s  were g iven  a  f u r t h e r  t rea tment  t o  ?:educe 
t h e  p a r t i c l e  s i z e .  The r e d u c t i o n  i n  s i z e  was produced Sy ba l l rn i l l i ng  t h e  
ox ides  i n  a s t e e l  b a l l  mill f o r  v a r i o u s  l e n g t h s  of t ime. The procedure used 
was t h a t  o u t l i n e d  by Nort,on (19).  The alurnina.powder was b a l l m i l l e d  f o r  
214 hours ,  and t h e  b e r y l l i a ,  t h o r i a ,  and z i r c o n i a  powders were b a l l m i l l e d  f o r  
p e r i o d s  of  24, 61, and 1 4  hours  r e spec t ive ly .  

A t  t h e  end of  t h e s e  pe r iods  t h e  b a l l m i l l e d  powders were washed i n t o  
beake r s  w i t h  d i s t i l l e d  water ,  Approximately 100 grams of ox ide  was added t o  
1 2 5  m l  of concent ra ted  hydrochlor ic  a c i d  and s u f f i c i e n t  water  t,o provide  
1000 t l  of s l i p .  The r e a c t i o n  of hydrochlor ic  ac id  w i t h  t h e  i r o n  contaminat ion 
from t h e  b a l l  m i l l  prod~rced i r o n  ch lo r ide .  The v o l a t i l e  f e r r o u s  c h l o r i d e  
was removed from t h e  s l l p  by bubbling a i r  through t h e  l i q u i d .  Af t e r  two o r  
t h r e e  h o u r i  of bubbl ing  a i r  through t h e  s l i p ,  t h e  suspension was allowed 
t o  s e t t l e ,  and t h e  supernntent  l i q u i d  decanted. More water  and hydrochlor ic  
a c i d  were added t o  t h e  s l i p ,  and t h e  procedure continued u n t i l  t h e  supe rna t en t  
l i q u i d  showed no t e s t  f o r  i r o n .  The p u r i f i e d  m a t e r i a l  was  t hen  d r i ~ r l .  



Table 1. Analysis of Minor Constituents 

Be0 CaO r'e203 

. , Ghsmicallg 
P u r e  
~ ~ ~ f i ~ l ~ ~ - ~  ' 

?loston Co, 
36 F 
S t a b l l  f zed 
Zirconia  

Ceri-m 2nd 
Lanthanum . 

Approxhntely 95% Zr02 and R ~ o ~ .  

Less than 0*50$ Ca, Idg, and otholr rare earth ~etczls.  

-1'; . ' I  "Spectrogrnphic Analysis. 



The m a t e r i a l  i n  t h e  f i n e  s t a t e  produced by t h e  ba l lmi l l i ng -was  then  
ready f o r  forming by  p r e s s i n g  i n  a hardened s t e e l  mold. However, i n  o r d e r  
t o  improve t h e  green  s t r e n g t h  of  specimens and t o  a i d  i n  t h e  r e l e a s e  from 
t h e  mold, a b i n d e r  m a t e r i a l  was added t o  t h e  r e f r a c t o r y  oxides.  Carbowax 
4000 was added t o  A1203 and ZrOZ i n  amounts of 1.5% by  weight  and t o  Be0 
and Tho:, i n  amounts of 2.5% by weight ,  The Carbowax was added a s  a s o l u t i o n  
i n  w a t e r  con ta in ing  0 .1  gm p e r  cc, 

The r e f r a c t o r y  oxide mixture con ta in ing  t h e  b i n d e r  was then  g ranu la t ed  
through a 20 mesh s c r e e n  f o r  t h e  f i n a l  t rea tment  befoke d r y  press ing .  A 
s u f f i c i e n t  amount o f  mixture  was then  weighed o u t ' t o  permi t  a specimen of  
3/16 i n c h  th i ckness  t o  be  formed, Th i s  q u a n t i t y  was p laced  i n  a hardened 
s t e e l  mold of 3/4 inch  d iameter  and p re s sed  t o  a p r e s s u r e  of  10,000 p s i  f o r  
U203 and a p r e s s u r e  of  5,000 p s i  f o r  We remaining oxides ,  

After p re s s ing ,  t h e  oxide ?laques were p laced  i n  a g lobar  k i l n  and 
hea t ed  s lowly  t o  350°C. The furnace  was h e l d  a t  t h i s  t e m p e r a t y e  f o r - s e v e r a l  
hours  u n t i l  t h e  d i s t i n c t i v e  odor of Carbowax could no longe r  be d e t e c t e d  
l e a v i n g  t h e  furnace,. The fu rnace  temperature was then  r a i s e d  t o  1000°C. 

The specimens were t h e n  p laced  i n  a molybdenum c y l i n d e r  r e s i s t a n c e  
fu rnace  and hea ted  -- i n  vacuo. The alumina specimens -were hea t ed  t o  1 8 0 0 ~ ~  

. and soaked a t  t h a t  temperature f o r  a per iod  of 30 minutes. The remaining'. 
ox ides  were hea ted  t o  1 8 ~ 0 ~ ~  w i t h  a 30 minute soaking t rea tment ,  

d f  t e r  t h e  f i r i n g  t r ea tmen t  t h e  r e f r a c t o r y  oxides  were imSedded i n  wax 
and ground t o  a f l a t  s u r f a c e  using a 240 mesh s i l i c o n  ca rb ide  c lo th .  l a p  
wheel. Second and t h i r d  s t a g e  g r ind ing  cons i s t ed  o f  t r ea tmen t s  on 400 and 
600 mesh s i l i c o n  ca rb ide  c l o t h  wheels. The oxide p laques  were then  i n  t h e  
proper  cond i t i on  s o  t h a t  t h e  f i n a l  p o l i s h i n g  on a diamond impregnated l a p  
wheel could b e  accomplished. The po l i sh ing  ope ra t ion  was te rmina ted  when 
examination wi th  a microscope i n d i c a t e d  t h a t  t h e  s u r f a c e  h a s  smoith. . . "  

The l e n g t h  of t ime necessary  t o  prepare  t h e  f i n a l  specimen v a r i e d  consider- 
a b l y  w i t h  t h e  m a t e r i a l  po l i shed ,  S t a b i l i z e d  z i r c o n i a  and alumina po l i shed  
q u i t e  r e a d i l y ,  w h i l e  b e r y l l i a  r equ i r ed  s e v e r a l  hours. 

Following t h e  p o l i s h i n g  ope ra t ion  t h e  wax was removed from t h e  plaques 
w i t h  ace tone ,  Previous t o  t h e i r  use  i n  t h e  s u r f a c e  t e n s f o n  determlnat ion,  
t h e  plaques were p laced  i n  a vacuum r e s i s t a n c e  f u r n a  e and outgassed a t  t h e  5 maximum t empera ture  of u se  u n t i l  a vacuum o f  1 x 10' mm Hg was a t t a i n e d .  
The pladues were l e f t  under a vacuum u n t i l  a s u r f a c e  t e n s i o n  run  was made, 



Fi r ing  surface tension samples 

Since the  metals studied a re  very reac t ive  t h e  usual chemical cleaning 
of t h e  surface could not be used. Znstead, approximately 5 m cubes of the  
metals were cut  and the  surface  made clean by f i l i n g  with a f i n e  f i l e .  +The 
edges and corners of the cubes were rounded to  permit the  metals t o  assume 
more read i ly  a shape approaching t he  spherical. .  The cubes were then quickly 
weighed using a chain t.ype ana ly t i c a l  balance. The weight permitted 
determination of t h e  dens i ty  a t  the  temperatures of measurement, k f t e r  . 
weighing, t h e  specimens were placed i n  an i n e r t  atmospHere u n t i l  they 
could be placed i n  the . furnace.  

A stream of helium was caused t o  flow through t he  furnace a s  t h e  metal 
cubes were placed on t h e  r e f r ac to ry  plaques. The l e v e l  of t he  furnace along 
i t s  hor izontal  ax i s  remained constant, so  i t  was not  necessary t o  check the  
furnace before every run. The l e v e l  of t he  axis of the  furnace was checked 
per iodical ly ,  however, and t h e  l e v e l  pos i t ion  was found t o  be retained.  
The screw ad ju s t r r s  on t h e  l egs  of t h e  t a b l e  supporting t he  e n t i r e  furnace 
sys tem permitted rapid level ing of t h e  specimens i n  the  plane perpendicular 
t o  t he  ax i s  of t h e  furnace, cas t ing an image of t h e  specimen on t he  
ground g l a s s  screen of the  camera, the  level ing was accomplished a f t e r  
the  vacuum system was closed. 

Af-ter placement of  t h e  specimens i n  the  fu.rnace the  vacuum pumps were - 
turned on,' and i n  45 minutes the  pressure i n  t he  furnace had reached a value 
of 5 x mn Hg. Helium was then admitted t o  t he  system t o  a pressure 
of f i v e  microns of,Hg. and then pumped- out. This procedure was repeated 
three  o r  four  times and the  surface tension run was then ready t o  begin. 

I t  was found t h a t  t o  prevent a f i lm  of oxide from being formed on the  
metal t h e  pressure could not be permitted t o  r i s e  above a value of 1 x 10' 4 
mm Hg, The temperature of t he  furnace was, therefore,  slowly ra i sed  t o  a 
temperature of 600~~. After t h i s  temperature was reached t he  specimen was 
heated more rap id ly  t o  t h e  measurement temperature. . 

When t h e  melting point  of the  met+ had been reached, a photograph 
was taken of t h e  drop a s  soon a s  i t  had. assumed.what appeared t o  be 
a symmetrical shape. . E v e  minutes l a t e r  another photograph was taken and 
t h i s  was continued a t  subsequent f i v e  minute i n t e rva l s  u n t i l  one-half hour 
had elapsed. Equilibrium was ac tua l ly  established much e a r l i e r  than t h i s ,  
bu t  a determination of the  e f f e c t  of time on the 'va lues  measured was a l so  
desired.  A s  a f u r t he r  check on equilibrium time, c e r t a in  runs were held a t  a 
constant temperature f o r  two and th ree  hours. B barely  discernable . 
change i n  t h e  value of surface tension occurred i n  these  time periods, bu t  
it was not outs ide  t he  experimental e r ro r  of t h e  method. The time of 
one-half .hour was, therefore,  used i n  t he  remainder of t h e  determinations, 



A t  t h e  end of one-half hour a t  t h e  mel t ing  p o i n t  of t h e  metal  t h e  ' -  

t empera ture  of  t h e  f u r n a c e  was r a i s e d  t o  t h e  nex t  temperature.  Photographs 
were t h u s  taken  a t  f i v e  minute i n t e r v a l s  t o  one-half hour a t  temperatures  
of 810, 900, ahd 1 0 0 0 ~ ~  f o r  cerium metal.  The process  was r epea t ed  f o r  
lanthanum a t  tempera tures  o f  95'0, 1000, 1100, and 1 2 0 0 ~ ~ .  A t  t h e  completion 
of t h e  one-half hour  i n t e r v a l  a t  t h e  f i n a l  temperature,  t h e  fu rnace  was 
al lowed t o  coo l  under f i v e  microns of helium. When t h e  furnace  had cooled 
t o  room temperature,  t h e  specimens were removed and -p l aced  under a vacuum 

cieki'ccatorc2 

The photographs were t aken  us ing  background i l l umina t ion .  A t ,  t8emperatai.~res 
of 1 0 0 0 ' ~  o r  l e s s  an  exposure t ime of 1/200 second could be used wi th  t h e  
Kodak Plus-X f i l m  used. A t  ~ ~ U O " C  a photograph could b e  obt,ai ned hy ilsi ng 
background i l l u m i n a t i o n  o r  by u t i l i z i n g  t h e  l i g h t  emi t ted  from t h e  drop  
i t s e l f ,  Ekposures u t i l i z i n g  emit ted l i g h t  ranged i n  t ime from 1/25 second 
a t  1 1 0 0 ~ ~  t o  1/50 second a t  1200°C. 

Enlargement and measurement , 

The magni f ica t ion  of t h e  c a m e r a ' i t s e l f  was 1 , 9  d iameters ,  However, 
t o  improve t h e  accuracy of measurement a l a r g e r  m a g d i c a t i o n  was requi red .  
Enlargement of t h e  photographs on p r i n t  paper  was p roh ib i t ed  by t h e  
d i f f e r e n t i ' a l  shr inkage  of p r i n t  pape r , ,  The photographs were, t h e r e f o r e ,  
en l a rged  on Kodak Frocess  Ortho 4 . x  5 inch  s h e e t  f i l m .  The p r e c i s e  
enlargement of t h e  photographs w a s  determined from a photograph of a 
0 ,2538 ' inch  b a l l  bea r ing ,  An enlargement of t h i s  photograph was made w i t h  
each s e r i e s  o f  enlargements of t h e  s e s s i l e  drops. I n  t h i s  n m e r  t h e  exac t  
magn i f i ca t ion  of t h e  drops,  which va r i ed  s l i g h t l y .  from r u n  t o  run, was 
determined f o r  each run. The nieasurements were taken  d i r e c t l y  from t h e  
en la rged  nega.l;ive. 

The f i n a l  photographs were prepared  f o r  measurement by p l ac ing  them 
on a background of graph paper.  The graph paper  served  a s  a convenient  a i d  
f o r  a l i g n i n g  t h e  c r o s s  h a i r s  of t h e  t r a v e l i n g  microscope s i n c e  o n l y  a p o r t i o n  
*of t h e  e n t i r e  drop could  b e  contained i n  t h e  f i e l d  of t h e  microscope. The 
c h a r a c t e r i s t i c  dimensions measured from t h e  photographs were those  shown 
i n  F ig .  2, These dimensions were measured t o  f o u r  s i g n i f i c a n t  f i g u r e s  w i t h  
t h e  t r a v e l i n g  microscope. Typica l  c a l c u l a t i o n s  of s u r f a c e  tens ion ,  dens i ty ,  
c o n t a c t  angle ,  and work of adhesion a r e  g iven  i n  Appendix A, 

The va lue  of x, X ,md Z '  could be obta ined  qui.te' easi ly from t h e  drop 
p r o f i l e .  ~ h e " v e r t i c a l  d i s t a n c e  from t h e  apex of t he  drop t o  t h e  p o i n t  on 
t h e  drop where t h e  s u r f a c e  i s  p r e c i s e l y  v e r t i c a l  i s  more d i f f i c u l t  t o  
measure, Rather  than  e s t a b l i s h i n g  t h e . p o i n t  of v e r t i c a l  s u r f a c e  by 
a l i g n i n g  t h e  v e r t i c a l  c r o s s  h a i r  of t h e  miscroscope tangent  t o  t h e  s u r f a c e  

, of : t h e  drop, t h e  c ros s  h a i r  was a l i g n e d  s o  t h a t  i t  c u t  a chord i n t o  t h e  



drop surfac,e  one o r  two t e n t h s  of a m i l l i n e t e r  i n  depth. The measurements of 
z firom t h e  apex o f  t h e  drop t o  t h e  cen te r  o f  t h i s  chord gave c o n s i s t e n t l y  
b e t t e r  va lues  t han  those  which were nleasured t o  t h e  p o i n t  of tangency of  a . 
v e r t i c a l  l i n e .  

The va3;ues f o r  d e n s i t y  and s u r f a c e  t e n s i o n  were obtained us ing  curves 
of  t h e '  t a b l e d  parameters  of Bashforth and Adams a s  desc r ibed  i n  Appendix 
.A. Contact  angles  g r e a t e r  than  70' were a l s o  c a l c u l a t e d  from t h e  curves  made 
from t h e  t a b l e s  of Bashforth and Adams. + Angles l e s s  t han  90' were measured 
w i t h  a goniometnr. - 

X-ray Determinat ion of Reac t ion  

I n  . t h i s  p a r t  o f  t h e  s tudy  t h e  meta l  powders of cerium and 1antha.num 
were mixed w i t h '  powders o f  t h e  oxides  and heated t o  3 0 0 ~ ~  below t h e i r  
mel t ing  p o i n t  and t o  t h e i r  melt ing p o i n t ,  Because o f  t h e i r  rapid.  a t t a c k  
by oxygen even a t  room temperatures ,  t h e  metal pcwders were obta ined  b y .  
f i l i n g  +.lie massive metal  w i t h  a f i n e  f i l e  i n  a dr:y box under a n  i n e r t  
atmospheke. Any i r o n  contaminat ion t h a t  may have been in t roduced  i n  t h i s  
o p e r a t i o n  was removed wi th  a s t rong  magnet. Th.e powder mixtures  were t h e n  
weighed o u t  on t h e  b a s i s  o f  equal  volume of meta l  and oxide; The mixed , 

powders of ox ide  and meta l  were p laced  i n  c r u c i b l e s  i n  t h e  form of  l o o s e .  
coiapacts, s i n c e  i t  was f e l t  t h a t  t o  p r e s s  t h e  n a t e r i a . 1 ~  n i g h t  i n t r o d z c e  some 

- oxide  r e a c t i o n  from handling i n  a i r ,  The c r u c i b l e s  in which t h e  powders ' 

were .p laced  were composed of t h e  same oxide  as t h a t  be ing  r e a c t e d  w i t h  t h e  
metal .  

The powders were s lowly hea ted  i n  t h e  ' f u rnace  u n t i l  a t e n p e r a t u r e  3 0 0 ~ ~  
below t h e  mel t ing  p o i n t  was reached. The f u r n a c e  was then  held a t  t h i s  
tempera ture  f o r  a period. o f  one-half hour. A s  i n  ?,he c a s e  o f  t h e  s u r f a c e  
t e n s i o n  de termina t ion ,  t h e  press l i re  of  t h e  furnace  was maintained a t  l e s s  t han  
1 x mn Hg a t  a l l  t imes. The furnace  was a l s o  f lu shed  i n  t h e  manner des- 
c r ibed  i n  t h e  s u r f a c e  t e n s i o n  de termina t ion .  

Upon completion of t h e  run, a helium ,atmosphere was admi t ted  t-o t h e  
fu rnace  and t h e  sp.ec.imens removed. The m:i.xtlrres were then  kept under a 
vacuulll i r ~  a des icca tor  u n t i l  a.n x-ray a n a l y s i s  was run.  The x-ray method 
used was a powder d i f f r a c t i o n  a n a l y s i s  us ing  a c y l i n d r i c a l  camera and t h e  
Straumanis technique .  The compact from t h e  furnace  w a s  ground under a hel ium 
atmosphere i n  an alumina mortar  u n t i l  a l l  passed a. 200 mesh screen .  The powder 
was then  tamped i , n to  a f i n e  g l a s s  c a p i l l a r y  and loaded  i n t o  t h e  c e n t e r  o f  t h e  

'x-ray .camera. Both ends of t h e  g l a s s  ca.pj.lla.rg were w e l l  s e a l e d  w i t h  wax t o  
p reven t  oxidat,j.on during. t h e  eAxposure t o  t h e  x-rays. The x-ray beam used i n  
t h r  a n a l y s i s  was t h e  K peak from a copper t a r g e t  f i l t e r e d  t G o u g h  a n i c k e l  
f i l t e r .  The compounds formed i n  t h e  r e a c t i o n  were i d e n t i f i e d  us ing  t h e  d 
spac ings  and i n t e n s i t y  p a t t e r n s  given by t h e  ASTM Index  of D i f f r a c t i o n  Da ta  (20). 



Plicroscopic EScanunation of Reac t ion  

The specimens used i n  t h i s  phase of t h e  work were those  obta ined  
f r o m t h e  s u r f a c e  t e n s i o n  de termina t ion ,  A c r o s s  s e c t i o n  of t h e  meta l  
r e s t i n g  .on t h e  ceramic was prepared by c u t l i n g  through t h e  sp,ecimen wi th '  
a s i l i c o n  ca rb ide  cu t -of f  wheel. Th i s  c u t  was imbedded i n  Bake l i t e  and t h e  
s u r f a c e  ground us ing  400 and 600 mesh s i l i c o n  ca rb ide  powders. The f i n a l  
p o l i s h  was achieved on a c l o t h  l a p  wheel impregnated wi th  6 micron s i z e  
diamond p a s t e ,  When t h e  microscope r evea l ed  a smooth s u r f a c e  t h e  
p e n e t r a t i o n  of t h e  _metal, i n t o  t h e  ceramic was s tud ied  us ing  back r e f l ec t e ' d  
l i g h t .  Photomicrographs were t aken  of t h e  i n t e r f a c e  be.tween t h e  metal  
and ceramic. These photographs a r e  shown in.F'ig. 12,  13, 14, and 15. 

RESU L'TS 

_. . '. . 

Sur face  Tension and N e t t i n g  C h a r a c t e r i s t i c s  

Lanthanum - 
The r e s u l t s  of  t h e  I s u r f a c e ,  t ens ion ,  con$act angle ,  and work of adhesion 

de t e rmina t ions  a r e  shown i n  Fig. 7 t o  11 and i n  Tables  2 t o  8. The s u r f a c e  
t e n s i o n  of lanthanum could .only be 'de te rmined  i n  c o n t a c t  w i t h  zirconium 
o x i d e ,  The Bashforth and Adams t echn ique  f o r  determining s u r f a c e  t e n s i o n  can 
b e  a p p l i e d  ~ i t h  reasonable accurocx only  when t l ~ e  ang le  of  c o n t a c t  between 
meta l  and s o l i d  i s  g r e a t e r  than 30 . Since  t h e  oxid.es of aluminum,' 
beryllium, .md' t h o r i u m ' e x h i b i t e d  ar@es.of c o n t a c t  l e s s  t hzn  90°, t h e s e  
ma.terj.als could not  b e  used t o  o b t a i n  a va lue  of s u r f a c e  t ens ion ,  

. . 

The value '  of surf:ace t e n s i o n  deterrxincd f o r  lanthanum metal a t  9 5 0 ' ~  
was 710 dyne/crn, Th i s  va lue  was determined using a d e n s i t y  v :~ . lue  u f  5.88 E / & ,  
The de t e rmina t ion  o f  t h e  d e n s i t y  of t h e  metal  i s  subject t o  %he Dame c r r o m  
3s t h e  q u a n t i t y  b2//* S ince  both f a c t o r s  a r e  necessary  t o  e s t a b l i s h  t h e  
s u r f a c e  t ens ion  of t h e  l i q u i d ,  t h e  va lues  of d e n s i t y  and b 2 / ~ a r e  bo th  l i s t e d  
i n  t h e  t a b l e s  along wi th  t h e  s u r f a c e  t ens ion .  When t h e  high temperature 
d e n s i t i e s  of t h e  me ta l s  a r e  e s t a b l i s h e d  more r e l i a b l y ,  t h e  va lue  of  b 2 / H  
may be used t o  g ive  a more accu ra t e  ,value u f  sill-face -benaion, 

I 

I n  a l l ,  f o u r  r u n s  were made on zirconium oxide, b u t  on ly  two were used 
i n  f i x i n g  t h e  ,va lue  of s u r f  ace  t ens ion .  One run  was d i sca rded  because a 
p o r t i o n  of t h e  s u r f a c e  of t h e  drop had become contaminated w i t h  an oxide  
f i l m .  The second d i sca rded  run  had aesurrled a n o n q s y ~ i e t r i c 8 1  ohape. 
I.Iowever, w i t h i n  a g iven  r u n  a t  a p a r t i c u l a r  tempera.ture, t h e  v a l u e s  ob ta ined  
were g e n e r a l l y  w i t h i n  3% of t h e  average va lue  when a confidence l i m i t  b a s e d .  - 



on a 90$. s i g n i f i c a n c e  l e v e l  was appl ied .  S ince  t h e  va lues  of t h e  two runs  
were w i t h i n  t h i s  range no f u r t h e r  runs were m d e .  Usinz t h e  dev5ntions from 
t h e  averages of d e n s i t y  and b2/,8 f o r  t h e .  ca se  of lanthanum. on zircoinia a t .  
950°C t h e  p r e c i s i o n  of t h e  experiment was determined to be  f i 6  dyne/cm. 
On a s t a t i s t i c a l  b a s i s ,  however; t h i s  va lue  would have t o  be  m u l t i p l i e d  by 
approximately 6.0, t h e  va lue  of  S t u d e n t ' s  t f o r  .one degree o f  freedcm', . The 
r e s u l t s  of t h e  runs,  however, i n d i c a t e  t h e  reporter1 accuracy of  i-5% i s  
probably co r r ec t .  

A s  t h e  tenlperature of measurement was inc reased  from 950 t o  1200°c, 
t h e  va lue  of  s u r f a c e  t e n s i o n  f a l l s  o f f  i n  a  s t r a i g h t  l i n e  from 710 t o  630 
dyne/cm.. This  change of s u r f a c e  t e n s i o n  wi th  tempern.ture i s  shown i n  
Fig. 7 and Table 2, The r a t e  o f  change of s u r f a c e  t e n s i o n  +l i th  tempera ture  
was c a l c u l a t e d  t o  be -0.27 dy-ne/~rn/~c over  t h e  temperature range  s tudied .  
Fbr most metal's t h e  gene ra l  o rde r  of  magnitude f o r  t h i s  r a t e  o f  change i s  
-0.1 dyne/cm/OC. The va lue  obta ined  f o r  1,mtharium is,  the re fo re ,  high. A s  
w i l l  b e  seen  from t h e  r e s u l t s  on cerium, however, t h e  r z t e  o f .  change w i t h  
tem2era ture  i s , d e p e n d e n t  t o  a c e r t a i n  e x t e n t  on t h e  plaque rnateriral upon 
which tkle de te rmina t ion  j.s being  made. 

The change of contac t .ang1.e  w i t h  tempera ture  i s  shown i n  'Fig. 8 and Table 
A t  950°C z i r c o n i a  was l e a s t  wet ted  by lanthcnurn. A% this !;~:~pera-t; l~~c t h e  
con tac t  angle  of lanthanum on z i r c o n i a  was ~ b k O ,  Alumina had ,c. c o n t a c t  ang le  
of 13j0 a t  750°C, m d  b e r y l l i a  showed va lues  r ang ins  from 100 t o  ,120' a t  
this temperature.  The angle  displr7.3-ed by t h o r i a  a t  9 5 0 ' ~  was 660, The 
ex i s t ence  of i n t e r f a c i a l  r e a c t i o r ~ s  p r o h i b i t s  deterrr5nat ion of t h e  a c t u a l  
va lue  of  t h e  i n t e r f a c i a l  ene rg i e s  between t h e  metal and oxide, bu t  t h e s e  
va lues  do g ive  a 'measure  of t h e  work of adhesion f o r  t h e  p a . r t i c u l a r  system. 

A s .  t h e  temperature of  t h e  fu rnace  was r a i s e d  t o  100O0c, t h e  c o n t a c t  
a n g l e  ,of lanthanum on alurnina ch.anged a b r u p t l y  t o  a  va lue  of 81.'. This  
was a t t r i b u t e d  t o  t h e  format ion  of  an a l l o y  between aluminum ar~d lanthanum. 
This  a l l o y  was formed from t h e  r educ t ion  of alumina. t o  a.111minilm meta l  by  
lanthanum. Fur the r  r a i s i n g  t h e  temperature caused t h e  fornlat ion of  a  more 
. a l u ~ i u l ~ u ~ a  1-ieh a l l o y  t h a t  i nc reased  t h e  c o n t a c t  ang le  s l i .gh t ly .  It was found 
by Kingery (16)  t h a t  adding smal l  amoun5s of s i l i c o n  t o  i r u 1 1  changed t h s  
con tac t  a n g l e  by approximately 20$, a l though t h e  s u r f a c e  t e n s i o n  of t h e  i r o n  . 
changed o n l y  s l i g h t l y .  

The c o n t a c t  ang le  of  lanthanum oh b e r y l l i a  was 90' a t  1 0 0 0 ~ ~ .  A t  1 2 0 0 ~ ~  
t h e  c o n t a c t  ang le  had decreased i n  a l i n e a r  fa .shion t o  71'. Th i s  r educ t ion  
i n  i o n t a c t  angle  was n o t  due t o  a l l o y  format ion  o r  so1j.d s o l u t i o n  format ion  
bet1:een lanthanum q d  b e r y l l i a .  S ince  t h e  s u r f a c e  t e n s i o n  o f  t h e  metal  and 
t h e  s o l i d  changes s l i g h t l y  w i t h  temperature,  t h e  dec rease  i n  con tac t  angle  
could be a t t r i b u t e d  t o  e i t h e r  t.11e dec rease  i n  t h e  s u r f a c e  energy of ?he 
l i q u i d ,  o r  t o  a dec rease  i n  t h e  i n t e r f a c i a l  ener,gy o f  t h e  s u r f a c e  between 
metal  and s o l i d .  



Table 2, Surf ace Tension of Lmth~num on Zirconium Oai.2e 

Temperature Density b2/p Surface Tension 

Degree 
c el.1C Q~ade .  S/CC cm 2 i).jne/cm 

50876 Average t 710 

Average 
I 
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Table. 3, Contact Angle of Laqt.hanum .with the Oxides 
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The c o n t a c t  angle of lanthanum-on t h o r i a ,  was t h e  lowest  of a l l  t h e  

oxides.  The ang le  of con tac t  ranged from t h e  valu,e a t  9 5 0 ' ~  of 66' t o  . 
a va lue  of 43O.at 1 2 0 0 ~ ~ .  I n  t h i s  oxide t h e  wet t ing  was aided by t h e  
d i f f u s i o n  of ' the metal i n t o  t h e  plaque. The contac t  angle was, thus,  n o t  
s t r i c t l y  t h a t  of t h e  metal aga ins t  t h e  pure oxide, but ,  r a t h e r ,  t h a t  of 
t h e  metal a g a i n s t  a . l i m i t e d  s o l i d  s o l u t i o n  of metal and oxide. The low 
con tac t  angle  was t h a t  which would b e  expected from such a system, 

The ' co2 tac t  angle  of lanthanum on z i r c o n i a  decreased from a va lue  of 
l L h O  a t  950 C t o  a va lue  of 128' a t  a temperature of 1 2 0 0 % ~  I n  t h i s  case 
ae w i t h ' t h o r i a  t h e r e  occurred a s l i g h t  d i f fus ' ion  .of t h e  metal i n t o  t h e  
ceramic. I n  t h i s  p a r t i c u l a r  case, however, a low angle  d id .  not  r e s u l t .  

'The bork  of' adhesion of lanthanum on t h e  oxides a t  t h e  va r ious  
temperatures i s  s h o ~ m  i n  Table 4. The work of adhesion of lanthanum on 
t h o r i a  was t h e  h ighes t  of a l l  t h e '  oxides. The va lues  of t h e  work of 
adhesion on t h i s  oxide ranged from 997 t o  1050 dyne/cm. Theovalues found 
for t h e  adhesion t o  b e r y l l i a  ranged from 695 dyne/cm a t  1000 C t o  840 
d,yne/cm a t  1 2 0 0 ~ ~ .  As was i n d i c a t e d  by t h e  high con tac t  angle, t h e  work of 
adhesion of lanthanum on , i r con ia  was the  lowest  of all t h e  oxihes.  A t  
9 5 0 ' ~  t h e  work of adhes ionf to  z i r con ia  was 133 dyne/cm. A t  120o0c, however, 
t h e  v a l u e  had increased  t o  242 d.yne/cm, Only th.e work of .adhesion on 
d u m i n a  approached t h a t  of  z i r con ia ,  and t h i s  was found only  a t  a temperature 
of 950°C. The va lue  of 233 dyne/cm found a t  t h i s  temperature had increased  
b y  more t h a n  t h r e e f o l d  a s  t h e  temperature was r a i s e d  t o  1 0 0 0 ~ ~ .  This  
ab rup t  change was a t t r i b u t e d  e a r l i e r  t o  t h e  formation of a n . a l l o y  of 
aluminum and lanthanum. 

Table L 

Work of Adhesion of Lanthanum on t h e  Oxides 
* 

Temperature Refrac tory  Oxide . . 

-- 

Alumina B e w l l i a  Thoria  Zi rconia  

Degree 
Centigrade ' ~ e / c m  ~yne /cm Dyne/cm . wne/cm 

997 ijj 



The va lue  found f o r  the'.work of adhesion of lanthanum on t h e  v a r i o u s  
oxides were obta ined  by us ing  Equation 801 . I n  us ihg  t h i s  equat ion  t h e  s u r f a c e  
t e n s i o n  c a l c u l a t e d  f o r  lanthanum melted on z i r c o n i a  was used f o r  a l l  6xides.  
The work of adhesion of  a l l  t h e  oxides  except  alumina went through'. 'a 
s l i g h t  l i n e a r  i n c r e a s e  wi th  temperature.  This  would i n d i c a t e  t h a t  t h e  
i n t e r f a c i a l  e n e r g i e s  were decreas ing  a t  a r a t e  f a s t e r  than  t h e  dec rease  
i n  t h e  ene rg i e s  of  t h e  s o l i d  and l i q u i d .  The r a t e  of i n c r e a s e  i n  the 'work 
of adhesion of  lanthanum on z i r c o n i a  .and t h o r i a  was approximately 0.4 
d y n e / ~ m / ~ ~ .  The r a t e  of i n c r e a s e  of  t h e  work of  adhesion of lanthanum on 
b e r y l l i a  was 0.72 d y n e / ~ m / ~ c ,    he r a t e  of dec rease  of t h e  i n t e r f a c i a l  
e n e r g i e s  may b e  obta ined  from d i f f e r e n t i a t i o n  of  t h e  Dupre equation. 

The r a t e  of change of t h e  l i qu id - . a i r  s*face energy wi th  temperature was 
-0.27 dyne/cm/Oc. The change of .work of adhesion w i t h  tempera ture  was. 
q O o 4  dyne/~m/~C,  A va lue  of -0.1 dy-ne/~m/~c may be  assumed f o r  t h e  r a t e  
of change o f  t h e  s o l i d  s u r f a c e  energy, .From t h i s ,  t h e  r a t e '  of change of  
t h e  i n t e r f a c i a l  energy of t h e  s u r f a c e  between lcinthanum and z i r c o n i a  i s  
equal  t o  - (0.4 -s 0.27 4 0.1) dy -ne /~ rn /~~ ,  o r  - 0.77 dyne/~ ,n /~C.  Though, 
of ,course, t h e  above, va lue  i s  only  of t h e  c o r r e c t  orde~'"0.T nkign'i.f&de,-:'the 
caxcu la t ion  s e r v e s  t o  shcm t h a t  t h e  i n t e r f a c i a l  energy i s  decreas ing  a t .  a 
r a t e  of 0.4 dyne/cm f a s t e r  t h a n  t h e  a l g e b r a i c  sum of t h e  decrease  o f  t h e  
l i q u i d - a i r  and s o l i d - a i r  s u r f  aces .  

Cerium , 

- The s u r f a c e  t e n s i o n  of cerium was determined on - . b e r y l l i a  and z i r con ia .  
The r e a c t i o n  o f  ~ e r i u m  wi th  alumina w a s  so  pronounced t h a t  no reasonable  
va lue  of  c o n t a c t  angle  could b e  e s t ab l i shed ,  nor  could a de termina t ion  of 
t h e  s u r f a c e  t e n s i o n  b e  completed. Thor ia  could n6t  b e  used t o  e s t a b l i s h  
t h e  va lue  of t h e  s u r f a c e  t e n s i o n  of cerium due t o  a zero con tac t  angle.  
'Upon mel t ing  on t h o r i a  t h e  meta l  completely d i f f u s e d  i n t o  t h e  plaque 
forming an o q g e n  d e f i c i e n k  s o l i d  s o l u t i o n .  

- The d e n s i t y  used i n  determining t h e  s u r f a c e  t e n s i o n  a t  900 and 1 0 0 0 ~ ~  
was t h a t  va lue  obta ined  from t h e  metal melted o n  be ry l l i a . .  A t  810° t h e  . 

d e n s i t y  va lues  f r b m  t h e  runs  on z i r c o n i a  were 6.66 and 6.71 gm/cc. Two 
b e r y l l i a  runs  a t  t h i s  temperature gave d e n s i t y  ~ a l u e s  of  6.74 and 6.66 gm/cc. 
The combined average of t h e  f o u r  runs  a t  8 1 0 ~ ~  was 6.70 gm/cc. As  t h e  



temperature was r a i s ed  above t he  melting point ,  however, the  densi ty  obtained 
from the  z i rconia  determinations was i n  e r r o r  due t o  the  di f fus ion of the  
metal i n t o  the  plaque. This caused the  measured volume of t he  drop t o  be 
reduced. Since t he  density,was determined using t1,e weight of the  metal 
before f i r i n g ,  t h i s  decrease i n  measured'volume gave a high value t o  t he  
calcula ted density.  The metal d id  not d i f fuse  i n t o  t he  bery l l i a ,  and, 
therefbre ,  t h e  density obtained i n  the  b e r y l l i a  determination was 
considered t o  be a more accurate value. 

The surface  t ens ion  of  cerium melted on zirconia was 695 .'dyne/cm 
a t  810°CP The surface  tension decreased i n  a l i n e a r  manner a s - t h e  
temperaturelwas raised.  The surface  tension took on a value of 680 dyne/cm 
a t  900°C and a value of 666 dyne/cm a t  1 0 0 0 ~ ~ .  The surf  ace tension of' .Lhe 
metal melted on b e r y l l i a  plaques decreased i n  a . s imilar  manner. I n  going 
through the  same temperature range a s  t h e  runs on z i rconia  t h e  surface  
tension of the samples melted on b e r y l l i a  assumed values of 740, 697, and 
678 d:yne/cm. 

The r a t e  of change with temperature of t h e  surface  tension of cerium 
melted on z i rconia  and b e r y l l i a  i s  shown i n  Fig. 9 and 10 and i n  Tables 5 
and 6. The slope of t h e  surface  tension-temperature curve f o r  the  runs on 
b e r y l l i a  was -0,25 d y n e / ~ m / ~ ~ .  The r a t e  of change with temperature f o r  the  
determihations obtained i n  the  z i rconia  runs was -0.14 d y n e / ~ m / ~ ~ .  As 
with lanthanum these  values are  .higher than t h e  more usual value of 
approximately -0.1 d y n e / ~ m / ~ ~  found with most metals. ' It i s  d i f f i c u l t  
t o  conceive a theoretEcal ba s i s  f o r  t h e  di f ference i n  t h i s  property between 
t h e  two plaque materials .  The di f ference found between t he  surface t ens ion  
measured on t h e  two mater ia ls  i s  a l so  without fundamenta1,basis. One 
can only assume the  d i f fe rence  t o  be due t,o s l i g h t  impuri t ies  introduced 
from t h e  plaque material ,  or t h a t  t h e  di f ference i s  experimental e r ro r .  
I n  t h i s  l a t t e r  respect ,  it i s  i n t e r e s t i ng  t o  note t h a t  t he , su r f ace  tension 
determined a t  810 '~  varied by an amount equal t o  b5 d.yne/cm between 
t h e  two supporting plaque materials ,  A's t h e  temperature reached 1 0 0 0 ~ ~ ~  
however, the di f ference between t he  surface tensions of t h e  two determinations 
had-become well  within the  experimental error.  The surface tension of 
cerium obtained by melting on t h e  two plaques was.6'78 and 666 dyne/cm 
a t  t h i s  temperature, 

The contact angle between cerium metal and t h e  oxides i s  shown with 
i t s  ' va r i a t i on  with temperature i n  Fig. 11 and Table 7. Cerium exhibited 
a very high contact .angle with both be ry l l i a  'and 'zirconia, The costact  
angle on b e r y l l i a  was 152O a t  810 '~  and it decreased only  s l i g h t l y ' a t  
900°C t o  149OC.. A t  1000°C the  contact  angle on b e r y l l i a  decreased more 
abrupt ly  t o  l29O, The contact angle of cerium on z i rconia  went through a 
s l i g h t  maximum as  t h e  temperature was rais.ed. t o  1 0 0 0 ~ .  A s  t he  temperature 
was r a i s ed  from 810 t o  900 and 1000°C~ the contact  angle took on values of 
16z0, 166O, and 1650, respect ively ,  It should be pointed ni i t  that, t h i s  



Table 5. Surface 'Tension . .  of . .Cer. ium ... . on Zirco,niym. . . Oxide . . ! -: 
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Table 6, Surface Tension of Cerium on Beryllium oxide ' 

Temperature Density * b2/p Surf ace Tension 
- . ,~ ; ' ; . i .  i.::,c- 

Degree @/cc 
Cent igra& 

Run Run Run 
I , I1 T I1 1: I I 

6.696 740 Average 

900 G.611 6.613 o ,1065 o .lo91 690 707 
s .lo55 o ,1082 684 701 
0.1065 0.1118 690 725 
0.1090 0.1085 . 707 703 
0 .lo55 0,1062 684 689 

-0.1054 0.~092 683 
0.1042 0 ,, 1098 

Average 6.612 -697 
--- * - 

Average 6 ,250 . . 
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v a r i a t i o n  i s  w i t h i n  t h e  e r r o r  of t h e  excperirnent. The va lues  d e f i n i t e l y  
i n d i c a t e ,  however, t h a t  t h e  c o n t a c t  ang le  of cerium on z i r c o n i a  i s  l i t t l e  
a f f e c t e d  by a change iil t empera twe .  A s  'was po in t ed  'out"ear1Ter 'no" va lues  
f o r  t h e  con tac t  a n g l e  of cerium ,on alumina. could,  b e  e s t a b l i s h e d  due t o  
t h e  r a p i d  re 'action of t h e  metal  w i th  t l ie oxide. The .ner.o c o n t a c t  angle" of 
cerium on t h o r i a  was evidenced by t h e  f a c t  t h a t  t h e  meta l '  completely: d i s -  
appeared i n  t h e  plaque. 

The work of adhes ion  of cerium on t h e  ox ides  i s  shown wi th  i t s  : 
v a r i a t i o n  wi th  tempera ture  i n  Table 8. The work of adhesion of cerium t o  
z i r c o n i a  was n e a r l y  cons t an t  a t  a va lue  of between 20 and 3,4 dyne/cm. 
The work of adhesion of cerium t o  b e r y l l i a  increased  ' s l i & h t l y  f rom.86  t o ,  : 
93 d..yne/cm i n  going from a tempera ture  d f  810 t o  9 0 0 ~ ~ ~  but, at 1 0 0 0 ~ ~  t h e  
adhesion inc reased  more than  twice  these  v a l u e s  t o  251 dyne/crn. The work 
of adhesion of cerium t o  alumina could no t  b e  determined. The adherence of 
cerium t o  t h o r i a  was t w i c e ' t h e  va lue  of t h e  m e t a l ' s  s u r f a c e  t e n s i o n  a t  a l l ,  
temperaturesee This  'is due t o  t h e  zero con tac t  angle  exh ib i t ed  by t h e  meta l  
on t h o r i a .  ' :  

Table 7 

Contact  Angle of Cerium wi th  t h e  Oxides 

. ,. . 
Temperature ' .. Ref rac to ry  h i d e  . '  

-- .. -- . . 

~ r e e  . . . .  De, A,ngle i n  Angle .in Angle- . i n  Angle i n  
Centi- degrees  ' degrees . ... . . . . _... degrees  degrees.  

. . .  grade : ,  
, . . . - 

Run ~un-' Run Run 

810 
Average 

900 
Average 
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Table 8 

Work of Bldhesion- of Cerium on the  Oxides 

Temperature Eefractory Cbride 

Degree 
Centi- ~yne/cnl Dyne/cm ~a)?le/cm m e /  cm 
grade 
810 86 1 b h O  34 

Microscopic Ex&hation of Reactions 

' 2 .  Fig.12 and 13 show tha t  lanthanum has reacted t o  a cer ta in  extent 
with a l l  the oxides a t  1 2 0 0 ~ ~ .  The reaction of lanthantm and alumina is 
seen t o  give an alloy of lanthanum scfid aluminum. This can be seen i n  the  
upper p a r t  of the photomicrograph where the  eutect ic  a l loy  of a lumin9 and 
lanthanum surrounds t h e  is lands of laathanwn t h a t  had separated out qn' 
cooling. The interface shows the  needle-like s t r u c t ~ r e ~ o f  lanthanum oxide 
tha t  was the  remaining product o f  reaction. Beneath the in te r face  the  
tznchangbd appearance of the  alumina indicates  the  reaction proceeded: by the  
diffusion of lapthanmu, &cough the  interfacia3 layer. This type of penetration, 
of course, i s  limited by 'the s a t e  of diffusion df lanthanum through the layer  
of ladthanum oxide. ' The dark areas i n  the alumina portion of  the  photomicrograph 
are pores and were not produced by the reaction. 

The reaction of lanthanum with bery l l ia  produced a two layer  interface.  
The upper part  ol the  interfacial .  layer is again the needle-like lanthanum 
oxide. The br ight  s t r i p  along the bottom of the  in te r face  is  beryllium metal, 
or, perhaps, a high beryllium content alloy. This reaction i s  l i k e  t h a t  
of lanthanum and alumina i n  tha t  the reaction i s  limited by t he  speed with 
which the lanthanum can diffuse through the  in te r face  of lanthanum oxide. 
I n  t h i s  par t icu lar  case the  lanthanum must also t rave l  through the beryllium 

_metal. Beryllium is  not removed by back diffusion through t h e  lanthanum 
oxide layer  €0 form an a l loy  as  i n  the  case of aluminum; or, i f  it,does, 
the  r a t e  of diffusion i s  slow enough t o  permit t he  bc+ryllium t o  be removed 
from the al loy by d i s t i l l a t i o n  f a s t e r  than the a l loy  can be formed. 



Lanthanum on Alumina X125 

Lanthanum on Beryllia ~ 5 6 2  

Fig. 12 Lanthanum-Ceramic Interface 



Lanthanum on Thoria x662 

Lanthanum on Zirconia 

Fig. 13 Lanthanum-Ceramic Irlterface 
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H o l h n  - lan$hamm dqm not; ps$u c@ an ietwEq&a - -JTS?$@SO~ layer  w i % h  
t h o ~ % a ,  Baser, ,the p&etr&es the odde. by en+b@#.'the high energy 
Bone betoreen ths g r a ~  bowdarpies. TQe Sianthiulum c a  be .sepn to be loosening 
some grains near, .*e swfac-a Betiween metdl and oxide BQ %k&% the grains  of 
tho r i a  sem to Bs $&im%jng Ln, laa%anum 'metal. The .surrznuadin~. of the 
grains is f ol lmed  by %he &f$usion o f  'the mew in$o .F;he grains 'them- 
selves t a  form a Iil&.;Eed '@@id B ? ~ U % ~ O Z I  of m ~ b l  ah3 ~xide. .  , This type of 
penetration fs R Q ~  h&pered Br &e famat;;icsn of  5nterfac3Lal Xayers that; 
slow .up t,he progr4ss; biF- the' r6action. The mt;kZ was seen t o  penetrate 
e n t i r e l y  thrsugh:'@ylp&aque i;n sotlle a ~ e 4 s  d ' t h  tihe subseqxzen% diseblora$5on 
of tb& thoria ,  - 

, 
The raact iba.  rrf 18n%hqnugl&th a~ccrnLa grocied ad in two ?tapes . The 

mtsl diffisea i@&o %he:plaque with kka aamd. .diacolora%ion of the oxide, 
bu% &I interfac5Xl. X B ~ T  of lanthanum axi8a @as also fafimd, .A comple%e 
e t u d y  of the in%er'face czodd not-be mds since %he metal, b.mke loose from 
t he  oxide on c a ~ l i n g .  1-0 was obvious f r r s m  a study of the  plaque.& the  
metal, how eve^, that the mtsl diffused through ' the in t e r f ac ia l  layer  of 
Ianfihanw axid@ fas tex  than 'its reaction with ziroonia. 

Cerium - 
The reac t ion  of cerium metal u i  t h  the oxides was very similar  t o  the  

methods of penetration of X~thanum metal. These resul ts-  are shown i n  the 
photomicrographs .of F- 14 a d  15'. Molten cerium on alwnina produced the 
s h e  type of a l loy  6tll aluminurn as did' lanthanum. *he cha rac te r i skc  
islanding ef fec t  i s  shown f o r  the cerium m e t a l ,  within the eutect ic  mixture 
of cerium and a lwinm.  A ceptain amount of cerium oxide is -present at 
the  interface,  b6% ao t  as a def in i te  in t e r f ac ia l  layer. . It hould seem from 
the  rapid at tack of t h e  metal on the  nlnque tha t  the cerium oxide was 
dissolved t o  a cer ta in  extent i n  the resul t ing allag. The in ter face  betweell 
t h e  a l l o y  and. t h e  plaque was an unidentifiable phase that was thought t o  be 
a so1i.d solution of Ithe a l loy  nutectic solutioh and ce~ium oxide. ' This 
phase a t  one poin t  an,tPle surface of the plaque was" seen 50 give way 
gradually t o  the  - a U ~ y  of, cerium and alurr&nwn. The s o l u t i ~ o ' o f  the cerium 
oxide *sould expldn, the  r'aped at tack t h e  removal of a hantpering 
in ter face  tha t  r&strains t he  contaot of the reacting n;&@r&als. 

The reaction of cerium with be-ia occurred i d  the  sane manner as 
the react ion of lanthanum with beryl l ia .  The in ter face  between the metall and 
t he  p l q y e  was again conposed of two phases. The.upper phase was( cerlum 
oxide with a l m e x  phase of beryllium metaz. As before the 'diffusion of the 
metal- through t h e  in t e r f ac ia l  oxide phase resulted i n  reaction with 
be ry l l i a .  The metal did nort d i f fuse  i n t o  the beryllium oxide pla,que. 



Cerium on Alumina X125 

Cerium on Beryllia ~ 5 6 2  

Fig. 14 Ceriwn-Ceramic Interfaoe 



Cerium on Thoria ~ 5 6 2  

Cerium on Zirconia ~ 5 6 2  

Fig. 15 Cerium-Ceramic Interface 



' The r e a c t i o n  of cerium wi th  t h o r i a  w?s a l s o  simj.la,r t o  t h e  r e a c t i o n  
wi th  lanthanum. The metal  p e n e t r a t e d .  i n t o  t h e  h igh  energy g r a i n  boilndaries 
a s  be fo re ,  b u t  i n  t h i s  systern a rnore cornplete s o l i d  'solubi'on was formed so 
t h a t  t h e  g r a i n s  were not i s o i a t e d  s o  ,much a s  w i t h  lanthanum. The, s o l i d  .. . . 
s o l u t i o n  of t h e  metal  i n t o  t h e  t h o r i a  was more r ap id ,  and t h e  metal was 
n o t  made t o  c o l l e c t  i n  t.he a r e a s  surrounding t h e  grairis as lanthanum d i d .  

The i n t e r f a c e  between ceriGm'and z i r c o n i a  contained t h e  i n t e r f a c i a l  ' - 
l a y e r  of  ox ide  s i m i l a r  t o  t h a t  p re sen t  i n  t h e  lanthanum reac t ion .  I n  
t h i s  p a r t i c u l a r  sys t en ,  however, a d e f i n i t e  s o l i d  s o l u t i o n  occurs  so t h a t  
t h e  cerium oxide  formed a t  t h e  i n t e r f a c e  b lends  srnoothly i n t o  t h e  z i r con ia -  
c e r i a  so l id .  s o l u t i o n .  

X-ray &amination 

The r e s u l t s  of  t h e  x-ray a n a l y s i s  of t h e  r 'eact ion prdciucts of hea t ed  
n ix tuxes  of  t h e  'meta l  and oxide a r e  shown i n  Tables  9 and 10. The i d e a l  
condi t ions  f o r  t h e  r e a c t i o n  provided by t h e  powders r e s u l t e d  i n  a s l i g h t  
r e a c t i o n  of  t h e  net ,a ls  a t  t empera tures  300°C below t h e  mel t ing  p o i n t  of  
t h e  metals .  The s o l i d  s o l u t i o n s  evidenced by t h e  d i f f u s i o n  of t h e  meta ls  
in30 t h e  r e f r a c t o r ;  e s  t h o r i a  and ' z i r c o n i a  occurred  even a t  t h i s  low temper- 
a t u r e .  Lanthanum showed a s l i g h t  amount o f  metal i n .  t h e  hi-xture w i th  
z i r c o n i a  a t  600°c, b u t  a t  9 2 4 ' ~  only  1a.nthanum oxide  and z i r c o n i a  phases 

t . were p re sen t .  Thor ia  was t h e  only  phase d e t e c t e d  . f o r  t h e  lanthanum-thoria 
mixtures  heated t o  t .enperatvies  of 600 and 92L0c. S o l i d  s o l u t i o n s  occurred 
wi th  cerium and t h e  th0.rj.a and z i r c o n i a  r e f r a c t o r i e s  a t . a  tenipera.tu-e of 5'00OC. 

A s l i g h t  amount o f  r e a c t i o n  of ceriun! wi th  alumina occurred. a t  5 0 0 ~ ~ .  
A t  <the  melt ing m i n t  of cerium3no cerium oxide  was found, bu t ,  r a t h e r ,  , 
p a t t e r n s  f o r  impure cerium and alumina were a l l  t h a t  were de t ec t ed .  The 
r e a c t i o n  of lanthanum wi th  alumina had begun by 6 0 . 0 ~ ~ .  The products  o f  
t h e  r e a c t i o n  were: alurnina, lanthanum oxide, and a f o u r t h  phase t h a t  was 
not  i d e n t i f i e d .  A t  t h e  mel t ing  p o i n t  of lanthanum t h e  meta l  was s t i l l  
p re sen t ,  b u t  t?ie i n t e n s i t y  of t h e  lanthanum oxide l i n e s  had inc reased ,  
The unknown phase was not i n  evidence a t  t h i s  temperature.  

0 The r e a c t i o n  of cerium wi th  b e r y l l i a  was c l e n r l y  i n  evidence a t  5'00 C, 
a d  a t  t h e  mel t ing  p o i n t  t h e  phases were b e r y l l i n  and c e r i a .  
Very l i t t l e  r e a c t i o n  occu-rred between lanthanum and b e r y l l i a  a t  600°C, 
b u t  a t  t h e  rnelting p o i n t  o f  lanthanum only  a f a i n t  t r a c e  o f  lanthanum 
meta l  could be de t ec t ed .  The predominant phases a t  t he  m e t a l ' s  mel t ing  
p o i n t  were b e r y l l i a  and lanthana.  



- Table 9 

X-ray Analys is  of t h e  Lanthanum Reac t ions .  

Re f rac to ry  Reac t ion  Products  

6 0 0 ' ~  T h e  s t r o n g e s t  phasGs p r e s e n t  were alumina and 
lanthanum. A r e a d i l y  d e t e c t a b l e  r e a c t i o n  had. 
nccnrred-, however,, with the  formation of iarithanwn 
oxide  and ari uiiiilell L i f i a b l e  phase. 

9.2L0c . The lanthanum oxide  phase had inc reased  i n  
i n t e n s i t y .  Lanthanum metal,  probably i n  t h e  form 
of a n  al loy2was p r e s e n t  a long w i t h  alumina, b u t .  
t h e  imi dent , j . f i  ed pl~.a,se was no l o n g e r  p re sen t .  

6 0 0 ~ ~  The predoninant  phases ~ ~ c r e  laathanum and ber2rlli.a. 
A s l i g h t  amount of lanthanum oxide  was i n .  evidence. 

92b0c The predominant phases were b e r y l l i a  and lanthanum 
oxide. A ve ry  f a i n t  t r a c e  of lanthanum was still . 
d e t e c t a b l e ,  

6 0 0 ' ~  The only  d e t e c t a b l e  phase p r e s e n t  was t h o r i a .  
The lanthanum had apparent ly .  gone i n t o  s o l i d  s o l u t i o n  
wi thou t  changing t h e  l a t t i c e  COGS t a n t  of t h o r i a .  

92h0c The only d e t e c t a b l e  phase p r e s e n t  was t h o r i a .  

Z i r con ia  

600% The predominant phase was z i r con ia ,  S i g h t  amounts 
of laithamiiil a d  la11 Llla~lu~r~ vxlde  were present .  

92k0c , The only  phases  p re sen t  were z i r c o n i a  and lanthanum 
oxide. , It i s  probably  i n  t h i s  c a s e  a l s o  t h a t  some lanthanum 
en te red  i n t o  s o l i d  s o l u t i o n  wi th  z i r con ia .  



Table 1 0  

X-ray 'bna lys is  o f '  t h e  Cerium React ions 

Re f rac to ry  React ion Products  . . 

' 

Alumina 

~ 0 0 ~ ~ .  The on ly  phases p re sen t  were alumina and cerium. 

810°c The only  phases p r e s e n t  were alumina and an impure ' 

form of  cerium. 

sOO°C The predominant phase was b e r y l l i a .  A r e a d i l y  
d e t e c t a b l e  p a t t e r n  f o r  cerium and cerium oxide  were 
a l s o  present .  

8i0°c The predominant phases  were b e r y l l i a  and cerium 
oxide. Only a s l i g h t  p a t t e r n  f o r .  cerium was obtained.  

. , 
, . 5 0 0 ' ~  The p a t t e r n s  showed t h e  l a t t i c e  of t h o r i a  t o  b e  

s h i f t e d  somewhat. A s l i g h t  amount of cerium was d e t e c t a b l e .  

810'~ The most predominant phases were a s o l i d  s o l u t i o n .  
o f  t h o r i a  and cerium oxide  i n  a t h r e e  t o  one r a t i o .  

- Zi rcon ia  

5 0 0 ~ ~  The p a t t e r n  f o r  cerium, z i r c o n i a ,  and ce r i a -  
z i r c o n i a  s o l i d  s o l u t i o n  i s  so s i m i l a r  t h a t  t h e  p a t t e r n  
produced could no t  d e f i n i t e l y  b e  s a i d  t o  b e  any o f  t h e  
phases.  The absence of  cerium oxide  favored t h e  acceptance 
of  t h e  s o l i d  s o l u t i o n  a s  t h e  phase p re sen t ,  however. 

8 1 0 ' ~  The s o l i d  s o l u t i o n  o f  c e r i a ,  and z i r c o n i a  was t h e  
predominant phase. 



Metal Ceramic ~ n t e r a c t i o n s  

Wet t ing  c h a r a c t e r . i s t i c s  

The c l o s e  agreement found f o r  t h e  s u r f a c e  t ens ion  o f  cerium and 
l a t h a n u m  i s  what would b e  expected from t h e i r  c l o s e  chemical r e l a t i o n .  
S e v e r a l  a t tempts  have been made t o  r e l a t e  t h e  s u r f a c e  t e n s i o n  of  a  metal  
t o  o t h e r  p r o p e r t i e s  of  t h e  metal ,  Attempts have been made a l s o  t o  e s t a b l i s h  
a t h e o r e t i c a l  b a s i s  f o r  s u r f a c e  t e n s i o n  based on t h e  e l e c t r o n  theory  of  
me ta l s  and on physico-chemical grounds. I n  t h i s  regard  c e r t a i n  assumptions 
a r e  necessary  t h a t  r e s t r i c t  t h e  agreement of t h e  c a l c u l a t e d  va lues  w i t h  
t h e  experimental  va lues  t o  be ing  i n  t h e  c o r r e c t  o r d e r  c f  magnitude, As an 
example of t h e  e l e c t r o n  t h e o r i e s  of t h e  s u r f a c e  t ,ension nf  met,a.ls H i ~ m e -  
Rothery (21) d e s c r i b e s  t h e  approach of  Brager and Schuschowitzhy (22).  
Tay lo r  (1L) reduced t h e i r  express ion  f o r  s u r f a c e  t e n s i o n  t o  an  equat ion  
invo lv ing  t h e  atbmic volume t o  a nega t ive  4/3 power t imes  a  cons tan t  56,k00. 
U s i n g ' t h i s  express ion  i n  t h e  c a s e  of lanthanum r e s u l t s  i n  a  va lue  o f  830 
d.yne/cm f o r  t h e  s u r f a c e  tens ion .  A v a l u e  o f  980 d.yne/cm i s  c a l c u l e t e d  f o r  
cerium by  t h i s  r e l a t i o n s h i p .  

A more empi r i ca l  r e l a t i o n s h i p  fo?  t h e  s u r f a c e  t e n s i o n  of  meta ls  w a s  
developed by S c h y t i l  (23) ,  The proposed r e l a t i o n s h i p  s t a t e s  t h a t  t h e  
s u r f a c e  t ens ion  of a  meta l  i s  p r o ~ o i t i o n ' a l  t o  t h e  melt ing temperature of 
t h e  rriet.al d iv ided  by ' t h e  atomic volume t o  t h e  2./3 power. A curve of t h e  
e x p e r i  e n t a l  va lues  of t h e  s u r f a c e  t e n s i o n  of meta ls  ve r sus  t h e  r a t i o  
T  /%27j i s  shown i n  F ig .  16. The curve was cons t ruc t ed  from t h e  va lues  
o'P s u r f a c e  t e n s i o n  compiled by Taylor (14). The va lues  determined he re  
f o r  cerium and lanthanum a r e  a l s o  included.  From t h i s  curve a  va lue  of 
525 and 570 d.yne/cm would be  p red ic t ed  f o r  cerium and lanthanum, r e spec t ive ly .  

Kingery (16) h a s  r epo r t ed  va lues  of s u r f a c e  ene rg i e s  f o r  alumina and 
z i r c o n i a  a t  1850°C t o  b e  905 and 590 dyne/cm, respec+,i.vely. Assuming 
bo th  m a t e r i a l s  decrease  i n  s u r f a c e  energy by 0 .1  d y n e / ~ m / ~ c ,  t h e  va lues  
a t  950°C would become 995 and 680 d:me/cm. The high c o n t a c t  angle  of 
t h e  meta ls  on z i r c o n i a  r e l a t i v e  t,o t h e  o the r  ox ides  can be explained 
t o  a c e r t a i n  e x t e n t  by t h e s e  va lues .  The work o f  adhesion o f  a metal on 
an ox ide  may b e  com?letely de f ined  from t h e  c o n t a c t  ang le  and t h e  s u r f a c e  
t e n s i o n  of t h e  mctal .  The wosk of n&,esion i s  a h o  eii-ual - lo U I ~  suul of 
t h e  s u r f a c e  e n e r g i e s  of t h e  metal  and oxide  l e s s  t h e  i n t e r f a c i a l  energy. 
Thus, f o r  lanthanum t o  assume t h e  same c o n t a c t  angle  on alumina as w i t h  
z i r c o n i a  t h e  i n t e r f a c i a l  energy of lanthanum and alumina must b e  315 
dyne/cm g r e a t e r  t han  t h e  i n t e r f a c i a l  energy of  lan thanun and z i r con ia .  
The f i g u r e  f o r  t h e  work of adhesion of lanthanum on alumina a t  9 5 0 ~ ~  



FIG. 16 SCHYTIL ' S  SURFACE TENSION RELATIONSHIP 



\ of 233 dyne/cm compared , t o  133 dyne/cm f o r  z i r c o n i a  shows t h a t  t h e  i n t e r f a c i a l  
energy . f a l l s  s h o r t  by 100 .dyne/cm f o r  i d e n t i c a l  con tac t  angles .  Using t h e  
f i g u r e s  of Kingery t h e  i n t e r f a c i a l  e n e r k  of lanthanum on alumina would b e  
1462 dyne/cm opposed t o  1257 dyne/cm f o r  lanthanum on z i r con ia .  

The work of adhes ion  va lues  o f  Tables  4 and 8 i n d i c a t e  t h a t  lanthanum 
has  a n  adhesion t o  z i r c o n i a  of 167  dyne/cm compared t o  23 dyne/cm f o r  t h e  
adhesion of cerium t o  z i r c o n i a .  The work of adhesion i s  a measure of t h e  
bond between metal  and ceramic, s o  t h a t  one would expect  t h e  metal  w i th  
t h e  s t r o n g e s t  o q g e n  bond t o  be t h e  metal  t h a t  would wet t h e  r e f r a c t o r y  
most r e a d i l y .  Th i s  i n ' f a c t  was t h e  case f o r  lanthanum and cerium metals ,  
Brewer ( 2 L )  es t ima ted  t h e  f r e e  ene rg i e s  of formation f o r  ceriuni and, . 
lanthanum oxides  a t  2S0C t o  be -116 and -145 Kcal/mole oxygen, r e spec t ive ly .  

Metal p e n e t r a t i o n  

Cerium and lanthanum meta ls  a t t acked  t h e  r e f r a c t o r y  oxides i n  a l l  t h e  
common methods bf p e n e t r a t i o n  of meta ls  i n t o  r e f r a c t o r i e s .  These methods 
of  p e n e t r a t i o n  rmy b e  l i s t e d  a s  t h o s e  below. 

1. The metal  may p e n e t r a t e  i n t o  a  r e f r a c t o r y  by simple r e a c t i o n  wi th  
t h e  r e f r a c t o r y .  I n  t h i s  ca se  an  i n t e r f a c i a l  l a y e r  of r e a c t i o n  
product  between meta l  and r e f r a c t o r y  i s  formed, and t h e  r a t e  wi th  
which t h e  r e a c t i o n  w i l l  proceed depends on t h e  d i f f u s i o n  of t h e  
metal th rough t h e  i n t e r f a c i a l  l a y e r ,  

2. The more r a p i d  method of p e n e t r a t i o n  of a  metal  i n t o  a r e f r a c t o r y  
occurs  where t h e  r e a c t i o n  produces a  product  t h a t  i s  s o l u b l e  i n  
e i t h e r  r e a c t i n g  phase. This  method i s ' a i d e d  by t h e  removal of t h e  
r e a c t i o n  products  s o  t h a t  t h e  r e a c t i o n  may cont inue  wi thout  t h e  
r e a c t i n g  m a t e r i a l s  becoming sepa ra t ed  by t h e  products  of t h e  
r eac t ion .  

3. S o l i d  s o l u t i o n  format ion  i s  a l s o  a  comrnon metnod of  p e n e t r a t i o n  
of r e f r a c t o r i e s  by metals.  I n  t h i s  method t h e  metal  e n t e r s  i n t o  . 
s o l i d  s o l u t i o n  i n  t h e  h igh  bnergy g r a i n  boundaries ,  and cont inues  

' t h e  .pene t ra t ion  by d i f f u s i o n  i n t o  t h e  g ra ins .  A formation of a 
h&ering l a y e r  o f  r e a k t i o n  product  may o r  may not occur.  

The f i r s t  method o f  p e n e t r a t i o n  was i n  evidence f o r  t h e  r e a c t i o n  o f  
,cerium and lanthanum w i t 1 1  bej-yl1.i.a.. In t h i s  system a two l a y e r  i n t e r f a c e  
of  r e a c t i o n  products  r e s u l t e d .  A combination of t h e  f i r s t  and second 
rnethods of p e n e t r a t i o n  was found f o r  t h e  r e a c t i o n  of lanthanum w i t h  alumina. 
Aluminum w a s  one product  of t h e  r e a c t i o n  and t h i s  metal  %rent in30 s o l u t i o n  
w i t h  t h e  lanthanum. Lanthqqum oxide,  t h e  o t h e r  product  of t h e  r e a c t i o n ,  
.was i n s o l u b l e  i n  both  r e a c t a n t s  and beca.me an i n t e r f a c i a l  l a y e r  between 
t h e  r e a c t a n t s .  The v e r y  r a p i d  method of p e n e t r a t i o n  by s o l u t i o n  was found 



f o r  cerium and alumina.. I n  t h i s  system both  products  o f  t h e  r e a c t i o n  were 
s o l u b l e  i n  t h e  r e a c t a n t s .  A s  a  consequence t h e  rnetal a t t acked  t h e  r e f r a c t o r y  
wi th  l i t t l e  d i f f i c u l t y .  The t h i r d  method of p e n e t r a t i o n  was found i n  t h e  
r e a c t i o n s  of t h e  meta ls  w i th  ' thoria  and z i r con ia .  Both lanthanum and . cerium pene t r a t ed  t h o r i a ,  plaques by d i f f u s i o n  through g r a i n  boundaries  i n t o  
t h e  g ra ins .  No hampering i n t e r f a c i a l  l a y e r  w a s  formed i n  t h e s e  r e a c t i o n s .  
The meta ls  pene t r a t ed  z i r c o n i a  b y  d i f f u s i o n  and s o l i d  s o l u t i o n  a l s o .  . I n  
bo th  of t h e  z i r c o n i a  systems an i n t e r f a c i a l  l a y e r  was formed. 

Powder mixture r e a c t i o n s  - 
A s  would b e  expected from t h e  r e a c t i v e  n a t u r e  of  t h e  metals  t h e i r  

combination wi th  t h e  r e f r a c t o r i e s  i n  a f i n e l y  d iv ided  form r e s u l t e d  i n  
r e a c t i o n s  a t  low temperature.  I%st r e f r a c t o r i e s  were a t t acked  t o  a s l i g h t  
e x t e n t  a t  t empera tures  wher'e t h e  r e a c t i n g  conponents were i n  t h e - s o l i d  s t a t e .  
A t  t h e  melt ing p o i n t  of t h e  meta ls  t h e  r e a c t i o n s  had proceeded t o  v i r t u a l  
completion w i t h  n o s t  of t h e  oxides.  Alumina was t h e  o n l y  oxide  t h a t  d i d  
n o t  produce t h e  oxid.es of  t h e  metals ,  r e f r a c t o r y  oxides  and s o l i d  s o l u t i o n s  
as t h e . p r e d o ~ i n a n t  phases  a t  t h e  melt ing p o i n t  of t h e  metals.  I n  t h e  
alumina system t h e  .unkacteiY'me t n l s  re;nt>.j-ning w i n  t h e  form of a n  a l loy .  

1 

E r r o r s  
d 

The most s e n s i t i v e  a r e a  f o r  e r r o r  i n  t h e  Bashforth and Adams t rea tment  
o f  t h e  s e s s i l e  drop method-of determining su r f ace '  t ens ion  v a s  mentioned i n  
t h e  s e c t i o n  on theory.  Th i s  source  of  e r r o r  was t h e  measurement of t h e  
dimension z; t h e  d i s t a n c e  from t h e  apex of  t h e  drop t o  t h e  p o i n t  of tangency . 
o f  a  90' l i n e  t o  t h e  s u r f a c e  of  t h e  drop. The accuracy  w i t h  which t h i s  .. :.. 
dimension could be reproduced was c o n s i d e r e d . t o  b e  0.005 mm. The x 
dimension was reproducib le  t o  w i t h i n  0.002 mm. The maximum e r r o r  i n  t h e  @ 

' v a l u e  from this v a r i a t i o n  i n  z and x 'was  0,06 from a  ndminal va lue  of  
1..90. The maxirnum e r r o r  i n  determining t h e  r a d i u s  of: cu rva tu re  a t  the. 
apex, b,  was 0  . O O ~  mm w i t h  a  nominal va lue  of 4.5 mi. Carrying t h e  . 
c a l c u l a t i o n s  through t o  g i v e  t h e  maximum e r r o r  r e s u l t e d  i n  a  maximum range 
of l e s s  than  37 f o r  t h e  s u r f a c e  tens ion .  

The de termina t ion  of t h e  d e n s i t y  of  t h e  metal  a t  a given tempera ture  
i s  more s u b j e c t  t o  e r r o r  i n  t h a t  any i n h e r e n t  e r r o r s  i n  measurement w i l l  
b e  compounded. IIo~qever, t h e  b2/8+erm t h s t  c o n t r i b ~ t ~ s  t o  t h e  e r r o r  i n  
su r f ace  t e n s i o n  e n t e r s  i n t o  t h e  d e n s i t y  equa t ion  i n  t h e  numerator i n  o:ic 
f a c t o r ,  and i n  t h e  denominator i n  'mother f a c t o r .  I n  t h i s  way t h e  e i ' ,  cc: L of 
t h e  e r r o r  i n  b2/&is reduced. Other dimensions c o n t r i b u t e  t o  t h e  e r r o r  i n  
d e n s i t y  so t h a t  a range  of approximately 3% i s  obta ined ,  Combining t h e  

8 

e r r o r s  from t h e  d e n s i t y  and from t h e  b2/&factor  g i v e s  a  maximum range of  
e r r o r  of  s l i g h t l y  l e s s  t han  105. 



A very l a r g e  source of e r ro r  i n  t he  s e s s i l e  drop method of surface  
tension determination r e s u l t s  from the  f a c t  t h a t  the  surface i s  s t a t i c .  
Contrary t o  t h e  maemum bubble pressure method of determining surface 
tension t he  surface  i s  not replaced as  t h e  measurements proceed. This 
permits t h e  formation of an oxide f i lm on t he  surface  of the  drop i f  the  
oxygen content of t he  system i s  s u f f i c i e n t l y  high. The f i lm  on t h e  drop 
r e s u l t s  i n  a c e r t a i n  Itbag effect t1 ,  This phenomenon was observed on ce r ta in  
runs i n  t h i s  work when the  pressure of t h e  furnace was allowed t o  r i s e  t o  
a few tenths  of a micron. These runs were discarded, however, and only 
runs which produced a b r igh t  shiny surface were used i n  the  calcula t ion of 
sur face  tension,  

A minor source of errnr i.n the  surface tencion va3,ua of  these  oletals. . ' 
r e su l t ed  from t h e i r  measurement i n  a vacuum. As was pointed out  previously, 
the  bonds of a t t r a c t i o n  t h a t  would normally be di rected toward vapor a t  
at~nospherfc pressure a r e  no longer s a t i s f i e d  due t o  t he  removal of the  
vapor phase. This e r r o r  cons t i tu tes  an inherent  e r ro r  i n  t he  system and 
can not  be determined de f in i t e ly .  Netals of low vapor pressures, such a s  
lanthanum and cerium, however, a r e  only s l i g h t l y  af f ccted by t h i s  error .  

The measurement of t h e  contact  angle of the  metals on the  various 
plaque mater ia ls  i s  a f fec ted  by an e r ro r  due t o  the  metals themselves more . 
than t o  the  method of measurement. Most l i qu id s  su f f e r  a hys te res i s  l o s s  i n  
going from an advancing s t a t e  t o  the  receding s t a t e ,  The di f ference observed G 

between the  advancing angle of a l,iqi.~.id and a receding angle may be a s  much 
a s  20 degrees according t o  Adams (IS), An angle between t h a t  of t h e  receding 
angle and the  advancing angle i s  under no strong inf luence t o  assume e i t h e r  
angle. A t  higher temperatures, however, one would expect equilibrium t o  
be reached more rap id ly  than a t  room t,emperatures, The low cnergy dif ferences  
t h a t  cause an angle t o  remain between the  advancing and receding angles 
should be a l t e r ed  a t  t h e  higher temperatures. 

'The chief source of e r r o r  i n  t h i s  determination of t h e  contact angle 
and work of adhesion of lanthanum a.n,d, cerium on the  oxides was t he  presence 
of i n t e r f a c i a l  react ions .  The value of t he  work of adhesion was not 
p r ec i s e ly  t h a t  of the,metals  and t he  oxides, but ra ther  t h e  adhesion of the 
metals t o  t h e i r  i n t e r f a c i a l  layer .  The contact  anel e and adh.esion of  
lanthanum t o  t ho r i a  was more near ly  t he  cor rec t  value, although even i n  
t h i s ,  case  the t ho r i a  was contamina.ted by t h e  influence of t he  l imi ted  so l i d  
so lu t i on  with t h e  metal from the  d i f fus ion  of t h e  metal i n t o  t h e  thor ia .  
The values reported f o r  contact  angle.and work of adhesion a r e  cor rec t  only 
i n  t h e  pa r t i cu l a r  system f o r  which they were measirred, The c ~ n t a c t  angle 
and work of adhesion may be of value i n  appl icat ion of a general order,  of 
magnitude, however. 



.-.. 
CONCLUSIONS . 

From t h i s  s t u d y  of  t h e  i n t e r a c t i o n  of cerium and lanthanum meta ls  , w i t h  
t h e  r e f r a c t o r y  oxides  of aluminum, bery l l ium,  thorium and zirconium t h e  
fo l lowing  conclusions may b e  drawn. 

. \ 

The s e s s i l e  drop l e t h o d  o f '  determining s u r f a c e  t e n s i o n  o u t l i n e d  
by. Enlefson and Taylor  f o r  g l a s s e s  and Kingery and Humenik , f o r  
meta ls  has  been s u c c e s s f u ~ l y  app l i ed  t o  t h e  ' r e a c t i v e  meta ls  
lanthanum and cerium. 

2. The s u r f a c e  t ens ions  of t h e  metals  lanthanum and cerium a r e  ve ry  
s i m i l a r  a s  a r e  o t h e r  c h a r a c t e r i s t i c s  o f  t h e  metals .  

3.. The s u r f a c e  t ens ions  of  t h e  meta ls  decreases ,  l i n e a r l y  wi th  
tempera ture  over  t h e  temperature range s tudied .  

4: The 'degree w i t h  which lanthanum wets  t h e  r e f r a c t o r y  oxides  
i n c r e a s e s  i n  t he  order ;  z i r con ia ,  alumina, b e r y l l i a ,  and t h o r i a .  
The same o rde r  of we t t i ng  i s  r e t a i n e d  by  cerium f o r  t h e  r e f r a c t o r i e s  
z i r c a n i a ,  b e r y l l i a ,  and t h o r i a .  I n  most ca ses  we t t i ng  w a s  ' 
promoted by i n c r e a s i n g  temperature.  The we t t i ng  of z i r c o n i a  by  
cerium was v i r t u a l l y '  ' unaf fec ted  by temperatut- e,  however. 

4 

5 The i n t e r f a c i a l  energy of t h e  metal-bxide s u r f a c e  i s .  g r e a t e r  f o r  
cerium on b e r y l l i a  and i i r c o n i a  than  f o r  lanthanum on t h e  same - 

, .olddes. The work of a d h e s ~ o n  is ,  t h e r e f o r e ,  g r e a t e r  ' f o r  lanthanum 
than  f o r  cerium on t h e  r e f r a c t o r i e s  b e r y l l i a  and ' z i rconia .  I n  
a l l  b u t  t he  c a s e  of cerium on z i r c o n i a  t h e  adhesion of t h e  meta ls  
t o  t h e  oxides  was g r e a t l y  promoted by  an i n c r e a s e  i n  temperature 
i n  t h e  temperature range s tud ied .  

6 .  O f  t h e  m a t e r i a l s  s tud ied ,  t h e  b e s t  r e f r a c t o r y  f o r  conta in ing  t h e  
molten metals  i s  b e r y l l i a .  Using t h e  c r i t e r i a  of low w e t t i n g  
(h igh  c o n t a c t  ang le )  and low work of adhesion, t h e  b e s t  r e f r a c t o r y  
f o r  mel t ing  t h e s e  metals  would appear  t o  b e  zirc.onia. '  However, 
t h e s e  c r i t e r i a  i gnore  i n t e r f a c i a l  r eac t ions .  Thus, i n  t h e  f i n a l  
a n a l y s i s ,  t h e  small  r e a c t i o n  i n t e r f a c e  o f  b e r y l l i a  wi th  t h e  meta ls  
makes i t  t h e  b e t t e r  conta iner .  Although t h e  r e a c t i o n s  of t h e  ' 

metals  wi th  zirc0ni .a  a r e  severe ,  t h e  h igh  c o n t a c t  angle  e x h i b i t e d  
by t h e  meta ls  toward t h i s  r e f r a c t o r y  make it, worthy of cons ide ra t ion  
a s  a p o s s i b l e  con ta ine r  ma te r i a l .  The r a p i d  a t t a c k  of alumina by  
t h e  meta ls  malas it a poor r e f r a c t o r 9  f o r  mel t ing  t h e  metals .  
The d i f fus ion"3nd s o l u t i o n  of  t h e  metals  i n t o  t h o r i a  make this 
m a t e r i a l  unsu i t ab l e  f o r  con ta in ing  t h e  molten metals.  The 
u n s u i t a b i l i t y  of t h o r i a  as a  c o n t a i n e r  i s  a l s o  i n d i c a t e d  by t h e  ldw 
c o n t a c t  ang le  and t h e  h igh  work of adhesion h i s p l a y e d  by t h e  meta ls  
toward t h i s  oxide. 
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Sample Ca lcu la t ions  

Contact  ana le  and s u r f a c e  tensfon 

The con tac t  angle  and su r face  t ens ion  of t h e  metals  melted on t h e  oxides 
a r e  obtained from four  measurements of t h e  s e s s i l e  drop p r o f i l e .  These 
dimensions a r e  x, z,  X and Z where: 

x = t he  maximum diameter  o f  t h e  .drop measured i n  2 hor izon ta l  p l ane  
from t h e  a .xis  of r evo lu t ion  t o  t h e  su r face  of t h e  drop; 

z = t h e  v e r t i c a l  d i s t a n c e  .of t h e  apex o f  the  drop t o  t h e  po in t  of  
tangency of a 90' l i n e  t o  t h e  su r face  of t h e  drop; 

+ 
X = t h e  h o r i z o n t a l  d i s t a n c e  of  t h e  a x i s  of r evo lu t ion  t o  t h e  p o i n t  r" 

of. con tac t  of the  l i q u i d  su r face  with t h e  support ing plaque; 
A 

Z= t h e  o v e r a l l  he igh t  of  t h e  drop measured from t h e  apex of t h e  drop 
. t o  t h e  suppor t i n e  plaque. 

The dimensions may be r e a d i l y  v i s u a l i z e d  by makini  use of Fig. 2,  he 
c a l c u l a t i o n s  may be i l l u s t r a t e d  by us ing  t h e  measurements f o r  t h e  run of 
cerium on b e ~ j l l i a  a t  810°C. For t h i s  r u n  the  va lues  of t h e  above dimensions 
were those  given below: 

x = 0.37275 cm, 

a = 0.30211 cm, 

X = 0.28548 cm, 

I '  ' 

With t h e s e  mkasurements t h e  value of t h e  r a t i o  x/z becomes 1,2338. From 
t h e  curve of x z ve r sus  6,  such a s  shorm i n  reduced s c a l e  i n  Fig.  17, 
t h e  va lue  of /' i s  determined t o  b e  1.853. Fig. 18 i s  next  used t o  g j v e  va lues  
of ,x/b aild i/b. The va lues  of t h e s e  q u a n t i t i e s  appropr i a t e  t o  a /va lue  of 



1,853 a r e  found from t h e  f i g u r e  t o  b e  008264 and 0.6698 -cm, r e s p e c t i v e l y .  ' 1 '  
Since  Fig. 18 was drawn holding t h e  a n g l e  of t h e  s u r f a c e  cons t an t  a t  
90°, x/b and z/b a r e o r e l a t e d  t o  t h e  q u a n t i t i e s  x and z', t h a t  a r e  coo rd ina t e s  
of  a  p o i n t  on t h e  90 sur face .  Thus, b  may be. determined by d i v i d i n g  t h e  

.* . v a l u e s  of x and z  by x/b and z/b. Thus, b  i s  found t o  b'e 

0*37275= 0 . 4 9 0  cm, and' 0.8264 

0.30211 = 0.4510 cm. mma- 
. . 

With t h e  va lues  of & and b e s t a b l i s h e d  t h e y c o n t a c t  ang le  may t h e n  b e  
determined. Fig. 1 9  con ta ins  t h r e e  v a r i a b l e s ;  /, %,h, .,and con tac t  angle.  
I n  o rde r  t o  determine t h e  contact .  angle ,  t h e  r a t i o  must, t he re fo re ,  
be  determined.. The v a l u e  of Z is 0.46512 cm, and di 'viding this q u a n t i t y  
by 0,kSl0 cm g ives  1.031, S u b s t i t u t i n g  t h i s  v a l u e  and t h e  va lue  f o r  P i n t o  
t h e  curve  t h a t  i s  shown i n  reduced form i n  Fig. 1 9  r e s u l t s  i n  a  v a l u e  of 
15'2' f o r  t h e  c o n t a c t  ,angle ,  8. 

A l l  t h e  q u a n t i t i e s  f o r  'de te rmining  t h e  d e n s i t y  'of t h e  drop a r e  now 
a v a i l a b l e .  The d e n s i t y  i s  determined from t h e  volume equat ion .  

, . 

S u b s t i t u t i o n  of  t h e  va lues  r e s u l t s  i n  

P a r t i a l  completion of t h e  c a l c u l a t i o n  g ives  

. 
The f i n a l  volume i s  'seen t o  b e  0.1492 cc. The weight of  t h e  drop b e f o r e  
f i r i n g  was 1,0077 gm. The dens i ty ,  t he re fo re ,  was 6 . 7 h  gm/~c ,  

With t h e  de te rmina t ion  of the.  d e n s i t y  all t h e  q u a n t i t i e s  necessary  t o  
v e s t a b l i s h  t h e  s u r f a c e  t e n s i o n  have been evaluated.. The su r f ace  t e n s i o n  i s  

f i n a l l y  determin ed from t h e  equat ion  d e f i n i n g /  Rearrangement of t h e  
d e f i n i n g  equat ion  . g ives  



S u b s t i t u t i o n  of  t h e  p r e v i o u s l y  determined v a l u e s  g ives  . .  
. . . . 

= 9 8 0 . 6 ( 0 . ~ 5 i o ) ~  (6.741) .. . 
t1.853 

Work of  adhes ion  

The de termina t ion  of t he  s u r f a c e  t e n s i o n  o f  t h e  meta l  and t h e  contac t  
ang le  a.re a l l  t h a t  a r e  necessa.rg t o  determine t h e  work r equ i r ed  t o  r m o v e  
t h e  metal  from t h e  oxide  plaque. The work of adhes i -nn  i s  determined from 
t h e  simple r e l a t i o n s h i p  

Wm = r(l+ C O O Q ) .  

Using t h e  va lue  from t h e  example above, t h i s  equdt ion would become 

Wm = 725(1 + cos 15;2O), o r  

The va lue  determined f o r  t h e  work of adhesion o f  cerium t o  b e r y l l i a '  a t  
8 1 0 ~ ~  i s ,  thus ,  85 dyne/cm. 







FIG. 19 BASHFORTH AND ADAMS' RELATIONSHIP FOR f l  AND 6 ~1 
\O 






